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SECTION  I 


SttMARY 


Presented  herein  is  a  description  of  the  work  performed  during  the  first 
ten  months  (ending  30  April,  1972)  of  &  36  month  effort  under  Contract 
F336l5~71-C-l87i* •  ~JThe  investigation  is  directed  at:  determining  the  feasibility 
of  using  holographic  interferometry  in  manufacturing  or  maintenance  environments; 
establishing  strain  analysis  techniques  for  aircraft  and  large  aircraft 
components;  and  establishing  pulsed  holographic  interferometric  techniques  for 
the  detection  of  cracks  in  actual  or  simulated  aerospace  hardware.  The  program 
has  been  organized  into  seven  major  areas,  and  the  main  body  of  the  present 
report  is  divided  into  four  sections,  representing  those  areas  in  which  work 
was  performed  during  the  reporting  period. 

Section  III  -  Physical  Environment  Effects 
Section  IV  -  Surface  Finish  Effects 
Section  V  -  Maximum  Strain  and  Strain  Patterns 
Section  VI  -  NOT,  Composite  Compressor  Blades 

Section  III  reviews  the  problem  areas  to  be  considered  in  conducting 
holographic  studies  in  likely  application  environments,  and  describes  the 
experimental  investigations,  performed  to  date,  concerned  with  the  effects  of 
ambient  illumination,  vibration,  and  suspended  aerosols.  In  addition,  the 
specifications  for  the  UARL-developed  pulsed  ruby  laser  system  being  utilized 
in  the  program  are  presented  together  with  a  description  of  some  system  develop** 
meet  tests  conducted  in  the  Fatigue  Test  Laboratory  at  Sikorsky  Aircraft  to 
gain  operating  experience  in  an  actual  manufacturing  type  of  environment.  Study 
of  the  deleterious  effects  of  extraneous  lighting  demonstrated  that  levels  up  to 
200  foot-candles  (reflected  to  the  holographic  plate)  could  easily  be  tolerated. 
Further,  it  was  shown  that  while  the  reference  to  object  beam  intensity  ratio 
should  be  greater  than  unity,  there  is  considerable  latitude  in  this  number,  with 
ratios  between  2:1  and  30:1  producing  comparable  results.  Similarly,  it  is  not 
necessary  to  precisely  match  the  two  pulse  intensities  when  constructing  double** 
pulse  interferometric  holograms.  The  Fatigue  Test  Laboratory  work  demonstrated 
that  high  vibrational  fields,  at  frequencies  up  to  1  KHz,  should  not  adversely 
affect  the  holographic  construction  process. 

It  was  concluded  from  the  study  of  surface  finish  effects,  reported  in 
Section  IV,  that  interferometric  holography  can  be  usefully  employed  on  well 
polished  surfaces  (roughness  of  approximately  4  y  in.)  and  that  the  degree  of 
surface  roughness  up  to  1000  y  in.  does  not  significantly  affect  fringe  location. 


However,  the  scattered  radiation  intensity  from  very  smooth  surfaces  is  hi^ily 
peaked  in  the  specular  direction  which  may  set  an  upper  limit  on  the  area 
coverage.  Therefore,  the  specular  point  should  he  centered  on  the  surface  area 
of  interest  in  order  to  obtain  the  maximum  recorded  area.  In  some  associated 
studies  it  was  found  that  holographic  interferometric  quality  is  independent  of 
the  type  of  object  beam  expander  element  (diffuser  plate  or  simple  lens)  and 
that  retro-reflecting  surface  preparations  may  afford  an  enormous  increase  in 
allowable  area  coverage  for  a  given  laser  system. 

A  detailed  mathematical  description  of  the  required  theory,  along  with  a 
review  of  the  extensive  experimental  investigations  performed  on  both  a  simulated 
airframe  skin  and  a  cylindrical  surface  to  study  the  pertinent  parameters  associat¬ 
ed  with  holographically  visualizing  strain  patterns  and  areas  of  maximum  strain 
concentrations  on  large  structures  are  the  subjects  of  Section  V.  The  theoretical 
work  established  that  holographic  interferometry  is  a  viable  technique  for 
performing  such  studies  with  minimal  restrictions  placed  on  the  experimental 
setup;  the  illumination  source  and  holographic  plate  should  be  located  adjacent 
to  each  other  at  a  distance  greater  than  one  meter  from  the  object,  and  the 
viewing  angle  limited  to  +45°  to  the  surface  normal.  The  experimental  measurements 
reported  support  the  theoretical  conclusions  by  showing  that  good  correlation 
exists  between  the  principal  strain  fields  on  thin  structures  as  sampled  by 
conventional  strain  gages ,  and  as  determined  by  means  of  holographic  inter¬ 
ferometry.  In  addition,  a  theoretical  and  experimental  study  of  the  effects  of 
surface  geometry  and  rigid  body  motion  on  the  interferometric  fringe  data 
reduction  procedures  indicated  that  they  will  not  affect  the  determination  of 
high  strain  areas  or  relative  strain  magnitudes. 

Finally,  laboratory  investigations  of  holographic  nondestructive  testing 
procedures  as  applied  to  composite  compressor  blades  are  described  in  Section  VI. 
The  results  of  this  work  indicate  that  the  use  of  ultrasonic  stressing,  combined 
with  interferometric  holographic  readout  may  offer  one  of  the  most  inclusive 
test  methods  for  the  detection  and  characterization  of  bond  defects  in  composite 
material  components .  In  general,  it  appears  that  this  approach  can  define  the 
area  of  delamination ,  determine  which  surface  it  is  nearer  to,  has  the  potential 
to  determine  the  degree  of  disbonding,  and  is  applicable  to  complex  surface 
geometries.  It  is  applicable  to  the  inspection  of  large  areas  in  a  single  test; 
and  the  low  frequency  range  (up  to  a  few  hundred  kilohertz]  employed  relative 
to  the  m^grhertz  operating  frequencies  of  more  conventional  ultrasonic  KDT  methods 
facilitates  transducer  coupling  and  minimizes  the  effects  of  grain  scattering, 
acoustic  attenuation  and  surface  roughness  on  resolution  capability.  The 
experimental  work  reported  includes  a  demonstration  of  pulsed  laser  time-average 
holographic  interferometry,  illustrating  one  potential  method  for  implementing 
HNDI  in  a  production  or  maintenance  type  of  environment. 
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Before  proceeding  to  a  more  detailed  discussion  of  the  areas  summarized 
shove ,  an  introductory  section  has  been  included  vhich  very  briefly  reviews  the 
motivation  for  the  current  investigations,  discusses  the  holographic  process  in 
brief  general  terms  along  with  a  description  of  interferometric  holography  (the 
technique  of  interest  to  the  present  work),  and  presents  the  program  organization. 

Included  as  Appendices  A  and  B  to  the  present  report  are:  first  *•  an  abstract 
of  a  paper  presented  to  the  Spring  1972  Meeting  of  the  Optical  Society  of  America 
and  entitled  "Strain  Analysis  of  Large  Airframe  Structures"}  and  second  «-  a  paper 
entitled  "Object  Motion  Compensation  by  Speckle  Reference  Beam  Holography"  wnich 
recently  appeared  in  Applied  Optics,  The  former  item  reported  work  performed 
under  the  current  contract,  whereas  the  latter  item  was  part  of  UARL's  Corporate 
sponsored  research  program;  it  is  most  apropos  to  the  present  contract  w>rk, 
however,  since  it  offers  a  viable  technique  for  applying  the  continuous  wave 
laser  holographic  process  in  a  practical  environment,  and  as  such,  serves  to 
complement  the  use  of  pulsed  laser  holographic  techniques  In  such  a  situation . 


sectioi  n 
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The  ever-increas  lng  complexity  and  sophistication  of  aerospace  structures 
and  components ,  together  vith  the  demand  for  lighter,  stronger  and  sore  reliable 
materials,  inherently  requires  a  more  detailed  knowledge  of  any  design  deficiencies 
or  flaws  which  may  be  present,  lew  manufacturing  processes  and  fabrication 
techniques  to  realize  such  structures  pose  two  potentially  dangerous  problems: 
the  nature  of  the  flaws  which  adgit  be  encountered  in  production  or  develop  in 
service  are  not  well  understood  and  critical  flaw  identification  is  becoming  more 
difficult.  Consequently ,  application  of  conventional  HDI  methods  to  these 
problems  must  be  re-exami*®*  to  determine  their  suitability;  and  new  tests  must 
be  developed  and  demonstrated.  Holography  is  one  such  tool  that  has  recently 
become  available  and  well  established,  Therefore,  the  present  program  was 
undertaken  to  explore  the  feasibility  of  using  this  technique  when  seeking 
solutions  to  the  inspection  of  advanced  aircraft  and  aerospace  hardware. 

HOLOGRAPHIC  RECORDING  AID  THE  TECHNIQUES  OF  HOLOGRAPHIC  OTERFERCTIEEHI 

With  the  advent  of  the  laser,  the  science  of  holography,  as  first  developed 
by  Gabor  (Ref.  l) ,  has  enjoyed  an  active  revival.  Advances  in  holography  have 
been  especially  rapid  since  Leith  and  Upatnieks  (Ref.  2)  developed  the  reflected 
light  holographic  technique.  Rather  than  reviewing  the  mathematical  theory  in 
detail,  suffice  it  to  say  that  holography  provides  a  method  of  storing  three- 
dimensional  information  on  a  two-dimensional  recording  plane  for  subsequent 
viewing  of  the  object  in  its  original  three-dimensional  form.  This  radically 
different  concept  in  photographic  optics  does  not  require  the  use  of  lenses  or 
other  image  forming  devices ;  instead,  an  intensity  pattern  is  recorded  which  is 
related  to  both  the  amplitude  and  phase  of  light  waves  diffracted  around,  or 
reflected  from,  an  object  using  a  one-beam  (Gabor)  or  two— beam  (Leith  and 
Upatnieks)  interferometric  process.  The  recorded  pattern,  called  a  hologram, 
bears  little  or  no  resemblance  to  the  original  object,  but  nevertheless  contains 
all  the  information  about  the  object  that  would  be  contained  in  an  ordinary 
photograph  plus  the  additional  information  about  the  phase  which  is  required  for 
visualization  of  the  third  dimension.  The  creation  of  an  intelligible  image  from 
the  hologram  is  known  as  the  reconstruction  process.  In  this  process,  the 
hologram  is  illuminated  with  monochromatic,  coherent  light;  the  hologram  diffracts 
this  light  into  waves,  which  are  essentially  indistinguishable  from  the  original 
waves  which  had  been  diffracted  around,  or  reflected  from,  the  object  and  which 
will  produce  all  the  optical  phenomena  that  characterized  the  original  waves. 


-  U  - 


Of  particular  interest  to  the  present  contract  is  the  method  of  Inter¬ 
ferometric  holography  (Ref.  3) ,  a  technique  whereby  minute  surface  deformations 
(on  the  order  of  microinches)  induced  fcy  various  stressing  methods,  can  be 
detected  by  comparing  each  point  on  the  surface  with  itself  before  and  after 
stressing.  These  surface  deformations  can  then  be  examined  in  the  holographic 
reconstruction  process  as  a  means  of  interpreting  the  components*  structural 
integrity - 

In  applying  interferomew-xc  holography,  r  hologram  is  constructed  in  a  manner 
similar  to  conventional  holography  except  that  two  exposures  and,  hence,  two 
ho lo grass  of  the  test  object,  are  made  on  the  same  photographic  plate,  the 
surface  of  the  test  object  being  altered  between  the  two  exposures.  Upon  recon¬ 
struction,  the  two  reconstructed  images  will  interfere  with  each  other  and  produce 
a  set  of  bright  and  dark  interference  fringes  (in  the  reconstructed  image}  which 
represent  contours  of  equal  displacement  along  the  viewing  axis.  Each  successive 
fringe  represents  a  displacement  of  approximately  one-half  the  wavelength  of  the 
illuminating  source  used  in  the  construction  process,  or  in  the  case  of  a  Re-le 
laser  (6328  £),  approximately  12  microinches  of  surface  displacement .  The  surface 
of  the  test  object  can  be  modified  between  the  two  exposures  in  several  ways 
which  include:  internal  pressurization,  mechanical  force,  thermal  heating,  and 
acoustic  vibration.  The  method  employed  mould  depend  upon  the  component  Itself, 
the  type  of  defect,  and  the  accessibility  of  the  ccesponent  (i.e. ,  whether  the 
component  can  be  tested  by  itself  or  as  part  of  a  complex  system}.  Holographic 
nondestructive  inspection  (HIDl)  Is  potentially  applicable  to  any  problem  wherein 
application  of  a  force  manifests  itself  as  a  change  in  the  surface  shape  of  the 
object  in  a  way  which  is  indicative  of  the  anomaly  being  sought. 

Several  variations  of  interferometric  holography  may  be  used. 

a.  Static  double-exposure  or  (continuous  wave  laser  output  1  interferometric 
holography  -  in  which  two  holographic  recordings  vith  the  test  piece  in 
two  states  of  stress  (e.g. ,  before  and  after  application  of  &  static 
stress),  are  made  on  the  sane  film  prior  to  photographic  processing. 

b.  Dynamic  time-average  cw  interferometric  holography  -  in  which  a  single 
holographic  recording  is  made  of  a  test  piece  undergoing  a  cyclic 
vibratory  notion,  with  interference  occurring  between  the  ensemble  of 
images  corresponding  to  the  time-average  positions  of  the  test  piece, 
and  with  the  positions  near  zero  velocity  contributing  most  strongly 
to  the  holographic  exposure. 

c.  Real-time  cv  interferometric  holography  -  in  which  a  holographic  recording 
is  made  of  the  unstressed  piece.  The  film  is  processed  in  place,  and 
upon  reconstruction,  the  image,  as  viewed  through  the  hologram,  is  formed 
superimposed  upon  the  actual  test  piece.  Any  subsequent  stress-produced 
fringe  patterns  can  be  observed  as  they  appear  in  real-time. 


d.  Dynamic  double-exposure  pulsed  interferometric  holography  -  in  vhieh 
two  bolognas  are  recorded  sequentially  before  photographic  processing. 

This  last  technique,  which  ikes  production  floor  holography  a  reality, 
is  appl'  :afcle  in  both  static  and  dynamic,  whether  cyclic  or  transient, 
stress  situations;  and  in  optically  hostile  environments  where  such 
effects  as  vibration,  aribient  light,  and  particulate  natter  aay  be  present. 
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As  diagramed  in  Fig-  1 ,  the  prograa  has  been  organized  into  seven  major 
areas  which  fall  under  two  principal  tasks:  1)  a  general  study  to  develop 
suitable  techniques  for  performing  pulsed  holographic  interferometry  tests  in  a 
manufacturing  or  Maintenance  environMent;  and  2)  investigations  in  three  specific 
problem  areas.  Both  c-f  these  tasks  are  planned  in  two  phases:  laboratory  studies, 
and  actual  maintenance  environment  studies .  The  hold  faced  boxes  in  the  figure 
correspond  to  the  seven  major  areas  of  study. 

As  shown  in  Fig.  1,  three  of  these  areas  are  organized  under  Task  I:  1} 
physical  environment  effects;  2)  surface  finish  effects;  and  3)  development  of 
the  final  techniques  for  an  actual  maintenance  environment.  The  remaining  four 
are  to  be  considered  as  part  of  Task  H:  1}  irir:m  strain  and  strain  patterns; 

2)  fatigue  cracks;  3)  *DT;  and  4)  correlation  studies.  Tne  first  three  of  these 
last  mentioned  topics  are  the  problems  themselves,  for  which  various  holographic 
solutions  have  been  proposed  and  are  to  be  studied,  while  the  fourth  area  calls 
for  correlating  the  holographic  results  with  previously  deter mined,  or  known,  flaw 
locations  and  strain  distributions .  Presented  in  Fig.  2  is  &  program  plan  chart, 
which  corresponds  to  the  organizational  diagram  of  Fig.  1,  and  indicates  the 
scheduled  dates  for  initiation  and  completion  of  the  various  items  to  be  studied 
under  the  program.  As  noted  in  Fig.  2,  work  has  been  initiated  in  five  of  the 
major  study  areas:  l)  physical  environment  effects;  2)  surface  finish  effects; 

3)  maximum  strain  and  strain  patterns ;  4)  KDT— composite  compressor  blades;  and 
5)  correlation  studies.  Items  1  through  4  are  the  topic  headings  for  the 
following  sections  of  the  present  report,  while  the  correlation  studies  are 
reviewed  within  the  individual  sections  to  which  they  are  appropriate. 


1.  PROGRAM  ORGANIZATIONAL  DIAGRAM 
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Successful  application  of  any  holographic  nondestructive  inspection  (HEM) 
procedure  to  aerospace  problems  ±n  &  practical  environment  will  require  overcoming 
the  adverse  effects  of  these  environments  as  they  relate  to  the  reconstructed 
Inage  quality.  The  particular  environmental  characteristics  which  can  affect 
the  holographic  inage  quality  include  vibration,  anient  illumination ,  and  ambient 
media  perturbations  (density  variations  and  the  presence  of  scattering  objects). 
These  characteristics  prohibit  the  use  of  long  exposure  methods.  Ran don 
variations  of  the  holographic  phase  fronts  during  the  exposure  time  caused  by 
vibration  of  the  optical  components  will  degrade  the  image  quality,  the  extent 
of  the  degradation  being  dependent  upon  the  magnitude  of  the  phase  variations. 
Fogging  of  the  holographic  plate  due  to  anient  illumination  during  the  exposure 
time  will  also  degrade  reconstructed  abject  intensity  or,  if  the  extraneous 
exposure  is  sufficient,  wash  out  the  image  completely.  Consequently,  the  more 
suitable  approach  for  holography  in  a  hostile  environment  is  to  utilize  pulsed 
lasers  which  have  the  capability  of  short  exposure  times,  on  the  order  of  20 
nanoseconds,  to  overcome  these  debilitating  environmental  characteristics.  By 
employing  a  portable  system,  which  could  be  installed  at  existing  test  rigs, 
full  scale  comments  could  be  examined  without  The  need  for  disassembly  of  the 
structure.  The  use  of  pulsed  lasers  in  such  problem  areas  minimizes  the  effects 
of  the  environment  and  allows  constriction  of  good  quality  hologram* .  However, 
the  laser  cavity  itself  is  susceptible  to  the  ambient  conditions  (in  particular 
the  vibration)  which  may  detune  the  cavity  from  optimum  conditions.  In  addition, 
the  simple  transport  of  the  laser  nay  be  sufficient  to  detune  the  cavity.  There «- 
fore,  in  order  to  avoid  the  unnecessary  time  required  to  retune  the  laser  cavity, 
a  suitable  las*r  package  must  be  available  to  the  holographic  system  which  would 
minimize  laser  adjustments  and  allow  the  user  to  concern  himself  primarily  with 
the  holographic  aspects  of  ESDI. 

Therefore,  an  experimental  program  was  initiated  to  examine  system  parameters 
which  control  the  quality  of  interferometric  holograms  constructed  under  adverse 
conditions  (non-optical  laboratory).  In  this  regard,  the  program  has  been 
conducted  to:  1  -  examine  laser  operating  characteristics  to  provide  reliable 
operation;  2  -  conduct  preliminary  investigations  in  a  maintenance  or  test 
environment  (Fatigue  Test  Laboratory  at  Sikorsky  Aircraft  was  utilized)  and 
thereby  ascertain  potential  problem  areas  for  further  optical  laboratory  investi¬ 
gations;  I  3  -  examine  the  governing  parameters  with  respect  to  holographic 
image  quality  and  develop  limits  of  operation  for  the  problem  areas  defined  in  (2). 
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PULSED  BUST  LASER  SSSHM 


The  pulsed  ruby  laser  system  developed  at  UARL  for  holographic  studies  has 
a  coherence  length  of  approximately  1.5  aeters  and  a  pulse  duration  cf  20  nanosec. 
As  shown  in  Fig.  3,  the  system  employs  a  6  inch  by  1/2  inch  diameter,  Czochralski 
grown,  ruby  rod  with  Brewster  angled  end  faces  for  the  active  medium.  The  laser 
cavity  consists  of  a  dielectric-coated  full  reflector  with  a  10  meter  radius  of 
curvature  and  a  Fabry-Perot  e talon  as  a  resonant  reflector.  Since  the  fluorescent 
line  width  of  the  ruby  is  sufficiently  broad  to  amplify  many  of  the  Fabry-Perot 
modes  of  the  laser  cavity  itself,  the  e talon  is  used  to  reduce  the  nuaher  of 
oscillating  modes  to  one,  thereby  providing  the  long  coherence  length  required 
for  holographic  purposes.  In  addition  to  these  components,  a  Pockels  cell  for 
synchronized  active  Q-switching,  and  an  aperture  to  control  the  transverse  mode 
structure  are  mounted  internally  to  the  laser  cavity.  (The  Pockels  cell  can  he 
replaced  with  a  bleachable  dye  cell  for  passive  ^-switching. )  The  Pockels  cell 
is  driven  by  a  Laser-metrics  high  voltage  power  supply  capable  of  delivering  two 
negative  pulses  with  pulse  separations  variable  Trcm  10  microseconds  to  200 
microseconds -  The  jitter  in  synchronizing  to  an  external  event  is  approximately 
0.2  usee.  Most  cf  the  experiments  to  date  have  been  conducted  with  a  pulse 
separation  of  approximately  100  microseconds . 

As  indicated  in  the  Introduction ,  laser  cavity  alignment  is  susceptible  to 
the  effects  of  the  environment,  especially  the  vibratory  aspects  of  the  environ¬ 
ment.  These  conditions  could  subject  the  laser  cavity  mirrors  to  misalignment 
away  from  optimum.  This  would  not  only  cause  variations  in  the  pulse- to-rpulse 
amplitude,  hut  also  cause  variations  in  the  transverse  mode  structure  (i.e.  a 
non-uniform  intensity  distribution  normal  to  the  direction  of  propagation ) . 

Because  of  the  very  nature  of  the  operation  of  pulsed  lasers,  the  adjustment  for 
realigning  tne  laser  to  optimum  conditions  is  time  consuoing.  Therefore,  to  he 
effective,  the  laser  system  should  he  free  of  susceptibility  to  environmental 
characteristics.  Furthermore,  the  possibility  exists  for  misalignment  due  to 
nandling  during  transit  from  one  facility  to  another.  For  most  efficient  operation, 
this  possibility  should  be  minimized.  Both  conditions  necessitate  a  rigid  structure 
for  the  laser  system. 

Based  upon  the  above  considerations,  modifications  were  cade  to  the  UARL 
pulsed  ruby  laser  system.  This  phase  of  the  work,  conducted  under  Corporate 
sponsorship,  was  directed  at  providing  a  high  degree  of  reliability  and  mobility 
for  the  tests  conducted  at  Sikorsky  Aircraft.  The  modifications  included:  1} 
more  rugged  component  mounts  to  insure  stability  of  their  position;  and  2}  a 
rigid  aluminum  honeycomb  base  to  provide  a  stable,  distortion-free  platform  for 
mounting  of  the  laser  components .  In  addition,  a  more  powerful  HejHe  laser  (5  raw) 
was  mounted  on  the  pulsed  laser  system  package  to  provide  a  better  alignment 
beam  for  the  holographic  apparatus  at  the  test  site. 
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FIGURE  3.  PULSE  RUBY  LASER  SCHEMATIC 


Satisfactory  sad  reliable  operation  of  the  laser  system  is  only  achieved 
when  the  optical  components  which  comprise  the  laser  are  in  good  condition. 
Component  damage  due  to  high  laser  power  densities  within  the  cavity  causes 
deleterious  effects  with  regard  to  available  output  energy  and  transverse  mode 
structure.  These  would  seriously  degrade  holographic  image  quality  as  well  as 
limit  the  extent  of  the  area  to  he  examined.  Particularly  troublesome  areas  are 
the  dielectric  full  reflector  and  the  Pockels  cell  windows.  Both  of  these 
components  have  suffered  damage  which  has  necessitated  adjustments  and  replace- 
meats.  Further  effort  is  planned  in  this  area  to  determine  the  tolerable  operating 
limits  for  reliable  operation. 

Nevertheless,  the  new  UARL  laser  system  package,  illustrated  in  Fig.  4, 
provided  quite  satisfactory  operation.  In  day-to-day  work,  laser  retuning  has 
not  been  required  except  for  minor  variations  in  flashlamp  pump  voltage,  or  in 
the  timing  of  the  Pockels  cell  delay. 

PHYSICAL  ENVIRONMENT  EFFECTS 


Experiments  were  conducted  at  the  Fatigue  Test  Laboratory  of  Sikorsky 
Aircraft  and  at  UARL  using  the  UARL  pulsed  ruby  laser,  to  holographically  examine 
those  environmental  characteristics  which  control  holographic  image  quality. 

The  purpose  of  the  Sikorsky  tests  was  twofold:  1}  to  study  the  effect  of  an 
optically  hostile  physical  environment  on  the  holographic  process  j  and  2\  to 
examine  the  surface  deformation  of  composite  rotor  blades  undergoing  fatigue 
testing.  With  regard  to  the  first  item,  the  objective  was  to  explore  and  define 
the  specific  characteristics  of  the  environment  which  are  critical  and  determine 
their  effect  on  the  holographic  process  for  subsequent  study  in  controlled 
laboratory  conditions.  The  primary  characteristics  of  the  environment  which  could 
affect  the  holographic  process  during  this  series  of  tests  included  ambient 
illumination  levels  and  ambient  vibration  levels.  With  regard  to  the  ambient 
illumination,  the  photographic  density  due  to  the  presence  of  this  illumination 
could  cause  non-linear  recording  effects  to  predominate  and  thereby  reduce  image 
quality.  In  the  second  case,  if  significant  motion  occurred  during  the  holo¬ 
graphic  exposure  time,  then  the  phase  information  would  he  reduced,  if  not  lost, 
thereby  resulting  in  a  degradation  of  image  quality. 

Effects  of  Ambient  Illumination 


As  indicated  previously,  high  ambient  light  levels  may  preclude  the 
construction  of  a  hologram  due  to  undue  or  excessive  fogging  of  the  photographic 
plate  by  the  ambient  illumination.  That  is,  the  d.c.  component  due  to  the  non¬ 
coherent  ambient  radiation  may  saturate  the  plate  so  that  the  phase  information 
of  the  coherent  holographic  process  (recorded  as  interference  fringes}  is  not 
recorded.  The  use  of  a  pulsed  laser  to  construct  the  hologram  provides  the  means 
to  alleviate  this  problem  since  the  photographic  plate  need  only  be  exposed  for  a 
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3hort  period  of  time  to  the  ambient  illumination.  An  interference  filter  tuned 
to  the  output  radiation  can  he  used  to  reduce  the  spectral  content  of  the  ambient 
radiation  to  further  reduce  the  level  of  ambient  radiation.  In  general,  this  is 
not  a  satisfactory  solution  since  the  bandpass  of  the  filter  is  dependent  upon 
the  angle  of  incidence  to  the  filter.  This  characteristic  would  limit  a  particular 
filter  to  a  particular  configuration,  i.e.  limit  the  angular  separation  between 
the  reference  and  object  beams.  In  addition,  the  interference  filter  can  induce 
polarization  effects  in  the  transmitted  beams  thereby  altering  the  transmission 
properties . 

Since  the  use  of  an  interference  filter  is  not  desired,  a  certain  amount  of 
ambient  light  will  unnecessarily  expose  the  photographic  plate.  This  will  alBo 
introduce  noise  and  reduce  image  contrast  since  the  depth  of  modulation  of  the 
holographic  fringes  in  the  recording  will  be  diminished.  A  method  for  optimizing 
the  signal-to-noise  ratio  when  reconstructing  images  from  holograms  constructed 
in  the  presence  of  an  incoherent  source  (e.g.  ambient  illumination),  is  described 
in  Ref.  4  and  involves  varying  the  relative  intensities  of  the  reference  and 
object  beams  dependent  upon  the  ambient  level. 

The  amount  of  ambient  illumination  which  exposes  the  photographic  plate  can 
be  minimized  by  using  a  shutter  immediately  in  front  of  the  photographic  plate 
and  timing  the  shutter  opening  to  allow  the  two  laser  pulses  to  be  recorded 
during  its  opening.  This  solution  is  an  effective  one  since  the  shutter  need 
only  be  open  for  the  duration  of  the  two  laser  pulses,  including  the  pulse 
separation  time  which  is  generally  on  the  order  of  100  microseconds.  Large 
aperture  focal  plane  shutters  are  not  available  in  this  speed  range,  but  with 
suitable  modifications  shutter  speeds  of  less  than  1/10  second  sure  possible,  and 
should  provide  for  a  reduction  of  the  ambient  exposure  level  sufficient  to 
construct  holograms. 


Fatigue  Test  Laboratoi 


aeriments 


As  indicated  above,  the  purpose  of  the  Sikorsky  tests  was  twofold:  l)  to 
study  the  effects  of  a  working  environment  on  the  holographic  process;  and  2]  to 
examine  the  surface  deformation  of  composite  rotor  blades  undergoing  fatigue 
testing.  A  typical  experimental  setup  is  shown  in  Fig.  5.  During  this  set  of 
experiments,  a  hand  operated  shutter  was  used.  Nominally,  1  to  2  second  expocure 
times  were  used,  but  this  could  not  be  accurately  controlled.  A  microsvitch 
was  installed  on  the  shutter  actuating  mechanism  to  fire  the  laser  when  the 
3hutter  vas  fully  opened.  Light  meter  -readings  obtained  at  the  test  installation 
indicated  an  ambient  light  level  of  18  foot-candles. 


During  the  initial  phase  of  these  tests,  an  interference  filter  was  used 
immediately  adjacent  to  the  photographic  plate  in  order  to  limit  the  amount  of 
ambient  illumination  to  a  tolerable  level  because  shutter  durations  shorter  than 
2  seconds  were  not  available.  Because  of  the  shift  in  spectral  bandpass  with 


sisart  period  of  tine  to  the  ambient  illumination .  An  interference  filter  timed 
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the  reference  and  object  beams.  In  addition,  the  interference  filter  can  induce 
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Since  the  use  of  an  interference  filter  is  not  desired,  a  certain  amount  of 
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introduce  noise  and  reduce  image  contrast  since  the  depth  of  modulation  of  the 
holographic  fringes  in  the  recording  will  he  diminished.  A  method  for  optimizing 
the  signal- to-noise  ratio  when  reconstructing  images  from  holograms  constructed 
in  the  presence  of  an  incoherent  source  (e.g.  ambient  illumination),  is  described 
in  Bef.  t  and  involves  varying  the  relative  intensities  of  the  reference  and 
object  beans  dependent  upon  the  ambient  level. 

The  amount  of  aabient  illumination  which  exposes  the  photographic  plate  can 
be  minimized  by  using  a  shutter  immediately  in  front  of  the  photographic  plate 
and  timing  the  shutter  opening  to  allow  the  two  laser  pulses  to  be  recorded 
during  its  opening.  This  solution  is  an  effective  one  since  the  shutter  need 
only  be  open  for  the  duration  of  the  two  laser  pulses ,  including  the  pulse 
separation  time  which  is  generally  on  the  order  of  100  microseconds .  Large 
aperture  focal  plane  shutters  are  not  available  in  this  speed  range,  but  with 
suitable  modifications  shutter  speeds  of  less  than  1/10  second  are  possible,  and 
should  provide  for  a  reduction  of  the  ambient  exposure  level  sufficient  to 
construct  holograms. 


Test  Laboratoi 


seriments 


As  indicated  above,  the  purpose  of  the  Sikorsky  tests  was  twofold:  l)  to 
stiidty  the  effects  of  a  working  environment  on  the  holographic  process;  and  2)  to 
examine  the  surface  deformation  of  composite  rotor  blades  undergoing  fatigue 
testing.  A  typical  experimental  setup  is  shown  in  Fig.  5.  During  this  set  of 
experiments ,  a  hand  operated  shutter  was  used.  Nominally,  1  to  2  second  exposure 
times  were  used,  but  this  could  not  be  accurately  controlled.  A  microswitch 
was  installed  on  the  shutter  actuating  mechanism  to  fire  the  laser  when  the 
shutter  was  fully  opened.  Light  meter  readings  obtained  at  the  test  installation 
indicated  an  ambient  light  level  of  18  foot-candles. 


During  the  initial  phase  of  these  tests,  an  interference  filter  was  used 
immediately  adjacent  to  the  photographic  plate  in  order  to  limit  the  amount  of 
ambient  illumination  to  a  tolerable  level  because  shutter  durations  shorter  than 
2  seconds  were  not  available.  Because  of  the  shift  in  spectral  bandpass  with 
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FIGURE  5.  HOLOGRAPHIC  TEST  CONFIGURATION-SIKORSKY  AIRCRAFT 


respect  to  the  angle  of  incidence  as  mentioned  earlier,  the  deviation  of  the  beam 
must  he  limited  to  less  than  10  degrees  from  the  normal.  In  general,  because 
of  the  constraints  imposed  upon  the  holographic  process  by  the  object  (uniformly 
illuminated  and  extended  objects),  a  low  spatial  offset  frequency  (small  angular 
separation  between  the  reference  and  object  beams)  cannot  be  used  because  of  the 
ensuing  spectra?,  orders  which  can  overlap  producing  a  noisy  or  defocus ed  image 
(Refs.  5  and  6).  These  effects  are  especially  pronounced  in  the  presence  of 
non-linear  recordiqg,  i.e..  when  the  combined  average  intensity  of  the  reference 
and  object  beams  is  not  located  in  the  center  of  the  linear  portion  of  the  curve 
representing  the  film's  transmission  versus  exposure  characteristics.  In  the 
presence  of  embient  illumination  this  (non-linear  recording)  will  be  especially 
true. 

Figures  6  and  7  illustrate  some  typical  results  obtained  from  tests  conducted 
in  the  Fatigue  Test  Laboratory  with  a  nominal  one  second  exposure  and  without  the 
use  of  an  interference  filter.  Figure  6  is  a  reconstruction  of  a  hologram 
constructed  of  an  experimental  composite  blade  test  section  undergoing  dynamic 
fatigue  cycle  testing.  The  llexural  amplitude  was  approximately  9  inches  at  a 
frequency  of  15  Hz.  In  this  case,  with  the  laser  pulses  100  microseconds  apart, 
considerable  displacement  occurred  between  the  two  pulses  resulting  in  the  high 
spatial  frequency  of  the  interference  pattern.  However,  no  anomalies  were  observe 
ed  in  the  fringe  pattern.  Figure  7  illustrates  the  results  obtained  from  the 
examination  of  an  IRB  ( Improved  Rotor  Blade)  blade  section  also  undergoing 
flexural  fatigue  t  sting.  Sections  of  the  blade  had  been  examined  prior  to  the 
holographic  tests  .•  u  skin  delamination,  as  identified  using  a  coin  tap,  had 
occurred  in  some  areas.  This  area  was  examined  holographically  and  is,  as  shown 
in  the  figure,  easily  observed  as  a  change  in  the  background  fringe  pattern. 

For  this  test  (IRB  blade  section)  an  oscillator-amplifier  laser  configuration 
was  used  in  order  to  increase  the  total  energy  available  for  holographic  recording. 
A  Kbrad  pulsed  ruby  laser  was  set  up,  without  the  cavity  mirrors,  for  use  as  the 
amplifier.  Approximately  0.3  Joules  were  obtained  in  this  operating  mode}  gain 
with  the  4"  Korad  amplifier  was  approximately  6. 

b.  Optical  Laboratory  Experiments 

Experimental  tests  were  conducted  at  UARL  to  examine,  parametrically,  the 
effects  of  the  superposition  of  t-’ae  ruby  laser  illumination  and  the  incoherent 
ambient  illumination.  The  objective  was  to  determine  suitable  operating  condi¬ 
tions  for  constructing  interferometric  holograms  in  a  manufacturing  and  main¬ 
tenance  environment.  Figure  8  illustrates  the  experimental  configuration  used 
for  this  study.  As  in  a  standard  holographic  configuration,  the  laser  pulse  was 
split  into  two  beams  by  a  beamsplitter  for  subsequent  direction  to  the  holographic 
plate  via  beam  expander  and  plane  mirror  (reference  beam)  and  a  ground  glass  and 
object  (object  beam).  The  beam  intensity  ratio  (relative  amount  of  energy  in  the 
respective  beams)  was  varied  by  the  use  of  attenuation  filters  in  each  beam. 


FIGURE  6.  RECONSTRUCTION  OF  COMPOSITE  HELICOPTER  BLADE 
UNDERGOING  FATIGUE  CYCLING 
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FIGURE  7.  RECONSTRUCTION  OF  IRB  BLADE  SECTION  UNDERGOING  FATIGUE  CYCLING 


Ustocsity  rmt im  C reference  it—  to  okjeett  beeml  ewfiiriri  raged  ftoi  ftOsl  t® 

I:2S-  Tbm  laser  isajoct  was  aoalttmgedl  raanjg  a  verietty  of  met&oas.  A  email 
ftmctSam  of  tie  ca£$ce&  power  was  directed  to  a  fcSgjb  speed  fewaowecaod  resyasee 
tfiaeS  #ioJe  ami  its  «f&*er«d  cm  a  sped  ascii  Ice-cage,  TteAttraaEx  $19* 

to  eraSac  t&e  metae  stnxetsrv  of  ti&e  ontgct  beam.  IS*  diode  odtgcBt  was 

*s«g»  fed  ttoocagfb  as  Sateayatiag  efrccciit  to  iettgraime  t&e  emergy  ecsrSaast  of  tie 
£fidta«£dcaal  laser  poSas**.  Itas-  tie  interference  fringe  ©BEttrest.  as  related  to 
tie  reistiwe  strengths  of  t&e  tw®  prises  eassM  be  ekmatimed.  ffielatiwe  energy  is 
t&e  refferease  ami  c&J/ect  beans  at  t&e  rfeot©*?*? Me  plate  was  determined  by  a  pair 
of  PEI  diodes  amd  associated  integrating  eimaicry.  These  neassaeaests  are  made 
after  a  particular  ©atfrgjarss-iioffi  bas  bees  established  ami  prior  to  tie  bo Isgres&ic 

A  I2"r  z  12*  aiaalr-am  plate  ws  used  as  tie  ©eject  for  these  steadies,  fbe 
interference  ratters  is  obtained  by  stressing  tbe  plate  aecostically  between  tfte 
two  poises.  A  transducer  asd  exponential  bona  were  tased  to  generate  gadded 
ntxcs  alccrg  tie  surface  of  tbe  plate  at  ascrax&aatelj  6l  EEz.  Pulsed  altr«sotaic 
excitation  was  utilized  to  aenisize  tbe  effect  of  refflecticrs  from  t&e  edges  of 
t&e  plate,  T&e  mirascmic  poise  is  initiated  between  tbe  taro  laser  poises  so 
teat  t&e  interference  fringes  recorded  on  t&e  dos&ly-expcsed  hologram  represent 
t&e  surface  deformation  of  t&e  plate  between  t&e  unstressed  end  stressed 

coniitioes.  As  XB5  resolution  chart  eas  been  affixed  to  tbe  ssrface  of  t&e  plate 
so  that,  in  addition  to  examining  t&e  fringe  (contrast,  t&e  resolution  obtained 
order  varices  conditions  ©cola  also  be  examined. 


A  Heston  electrical  Corporation  Model  6li  foot-cardie  meter  was  used  to 
determine  tbe  light  ierel  of  tbe  ambient  incarnation.  For  these  measurements  . 
t&e  meter  was  inserted  into  t&e  shutter  assembly  into  arororiastely  t&e  same 
position  as  t&e  p&otograp&ic  plate.  As  such,  it  recorded  t&e  incident  light 
primarily  frem  t&e  object,  bat  included  t&e  background  as  well-  Several  light 
sources  and  ligrt  levels  were  used  because  of  t&e  significantly  different  spectral 
output  of  tbe  sources  and  t&e  spectral  response  of  tfee  p&otograp&ic  plate.  The 
fluorescent  lights  common  to  most  laboratories  emit  a  lice  spectrum  which  is 
predominantly  blue  and  green.  In  this  region  tbe  film  plates  used  are  less 
responsive  and  fci$per  levels  of  exposure  can  be  tolerated.  A  Sylvaaia  So.  8  Sun 
Gun  (i.e.  a  DVY  650  watt  tungsten-halogen  lamp)  was  used  to  simulate  worst  case 
conditions.  By  diffusing  the  light  source  and  varying  its  position  relative  to 
the  object  and  photographic  plate,  light  levels  of  up  to  200  foot-candles 
(incident  on  the  photographic  plate  as  reflected  off  the  object)  could  be  obtained. 
Ibis  particular  level,  as  described  by  the  Health  and  Safety  Code,  is  hazardous, 
irritating  and  non-conducive  to  a  good  overall  vorhing  environment . 

In  order  to  evaluate  the  effects  of  ambient  light  on  the  holographic 
recording  process,  a  curtain-type  h"  x  5"  focal  plane  shutter  vas  codified  to 
provide  a  repeatable  75  nillisecond  exposure  duration.  The  ruby  laser  was  set  up 
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it®  fire  the  doable  poise  ■fines  the  s&ss&cr  wws  fbliy  cpea.  T&e  ISO  *ier®*e©scd 
pallse  separation.  ®f  tth*  two  3  awoosessinS  parses  w  easily  cscligsel  witMa  tie 
75  gjlMsegaed  steamer  t£se.  Is  sdditSoc,  a  1.25"  2£anrler  ecertzre  was  isstelled 
is  tie  shatter  asscgfcly  between  tie  cart  aim  tad  toe  gfcasSfflggwgMg  plate  £Fig.  9*»I> 
is  gstSer  to  per  nit  tie  records sg  ©f  several  tolopt  os  tie  seae  plate. 

SSa&lsrly,  t it  plsteftoUer  irwal’i  be  jastelled  (Tig.  9*1  beMad  tie  apertteze  in 
cap  of  mine  different  positives  by  a  Magnetic  esseasly.  This  permitted  tie 
reecrdlEg  ef  sdae  different  iologn—  <o e  tie  saae  pfeotograpfcie  plate  «Mls 
asesmtaiarsg  tie  relative  powtty  of  tbe  holapmcie  caagoaegts.  Aside  fffcont  tie 
eaoossiscl  advantage  of  this  assembly  ,  tie  respective  reeogdisg  of  holograms  with 
differs  eg  bean  intensity  ratios  eoaM  a tar  be  assayed  of  Identic*!  prases sief . 
ftardlirg  asd  resocstrassicg  setaps. 

Imitlally,  docile  poise  bolognas  were  coastrar*ed  with  so  aaroleat  light 
acd  tie  ratio  of  reference  bean  esergy  to  abject  bees,  eserrgy  was  varied  fro® 
tesl  to  1:2©  is  mice  intervals.  Because  of  tie  absorbisv;  and  reflecting  natore 
of  tie  filters  used  to  alter  the  respective  beaa  energies,  tie  tcui  energy 
Incident  on  the  photographic  ple.re  egaSd  act  be  beid  constant.  25set  is,  to 
reduce  tee  energy  is  tie  reference  beaa,  a  gelatin  type  central  density  filter 
was  inserted  into  its  path-  3be  redaction  in  energy  was  not  transferred  to  tie 
object  beaa  to  maintain  tie  total  energy  os  the  photographic  plate,  feat  was 
instead  absorbed  in  tie  filter-  ISae  consideration  of  constant  total  incident 
energy  is  germane  becaase  of  density  vs-  espescre  characteristics  of  tie  photo¬ 
graphic  enalsicns.  For  example,  in  tie  situation  where  t3~c  refer enee  beaa  was 
&0  tines  as  strong  as  the  object  bes*,  tie  total  energy  was  Mga  enoo^a  to 
significantly  darker,  the  photographic  plate.  However,  when  tire  ratio  was  altered 
so  that  the  object  bean  was  20  tines  the  reference  bean's  energy,  tie  plate  was 
barely  exposed.  In  this  regard  the  greatest  degradation  !-  inage  quality  was  a 
stronger  Itoctios  of  tLe  total  energy  on  the  plate  than  of  the  actual  bean  ratios. 

Figures  10  through  12  illustrate  sene  typical  resalts  of  the  tests  conducted 
using  the  apparatus  described  above.  As  indicated  previously ,  holographic  tests 
were  conducted  over  a  range  of  eabient  light  levels  (fron  zero  foo Wean dies  to 
200  foot-candles )  with  the  reference-  to-object  bea»  ratio  varied  fu  9  increnental 
steps  frea  b0*l  to  1:20.  “the  initial  tests  were  conducted  to  examine  the  effects 
on  inage  quality  directly  and  did  not  include  two  pnlse  interferonetric  holograns 
for  evaluation  of  fringe  contrast  effects. 

Figure  10  illustrates  the  results  obtained  at  zero  foot-candles  (total 
darkness)  and  the  effect  of  varying  the  reference-to-object  bean  intensity  ratio. 
Three  ratios  are  illustrated  10:1,  2:1  and  1:20.  So  discernible  difference  is 
indicated  between  10:1  and  2:1,  but  image  degradation  does  occur  at  the  1:20  ratio 
(Fig.  10c).  In  Fig.  11  a  comparison  of  the  effect  of  varying  the  asbient 
illumination  level,  with  the  same  reference-to-object  bean  Intensity  ratios  (5:1), 
is  presented.  The  ancient  level  was  varied  fron  total  darknes?  to  30  foct-candles 
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FIGURE  9.  SHUTTER  ASSEM8LY 
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FIGURE  11.  EFFECT  OF  NORMAL  ROOM  LIGHTING  ON  HOLOGRAPHIC  CONSTRUCTION 
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FIGURE  12.  RECONSTRUCTIONS  OF  HOLOGRAMS 

UNDER  VARYING  AMBIENT  LIGHT  LEVELS 


which  represents  the  nonnal  light  level  in  the  optical  laboratory.  It  should  be 
reiterated  that  the  light  level  is  measured  in  the  plane  of  the  photographic 
plate.  Again  no  discernible  difference  is  noted.  Further  comparison  of  Figs. 

11a  and  b  with  Figs.  10a  and  b  illustrates  again  that  there  is  little  significant 
difference  in  image  quality  when  varying  the  reference-to-object  intensity  ratio 
from  10:1  to  2:1. 

Topical  results  of  tests  conducted  at  higher  levels  of  ambient  illumination 
(150  to  200  foot-candles)  are  illustrated  in  Fig.  12.  Severed  observations  can  be 
made  by  comparing  these  reconstructions.  Comparing  Fig.  12a  with  Fig.  10a  (both 
are  single  pulses  with  nearly  the  same  reference-to-object  beam  intensity  ratio j 
9:1  for  Fig.  12a  and  10:1  for  Fig.  10a),  indicates  that  little,  if  any,  resolu¬ 
tion  is  lost  when  constructing  holograms  with  large  levels  of  ambient  illumination . 
The  remaining  photographs  in  Fig.  12  depict  some  of  the  typical  results  related 
to  the  effects  of  ambient  illumination  upon  the  interferometric  fringe  contrast. 

As  indicated  in  the  figure,  the  reference-to-object  beam  intensity  ratios  were 
30:1,  9:1  and  2:1  for  Figs.  12b,  c,  d  respectively.  Relative  pulse  amplitudes 
(Pi  &  P2)  for  these  same  figures  were  1:3,  3:1  and  1:1  respectively.  The  fringe 
contrast  is  comparable  in  the  reconstructions  although  it  may  appear  to  be 
slightly  enhanced  in  Fig.  12b.  As  a  result  of  the  direct  comparison  of  the 
holograms,  it  is  felt  that  this  apparent  difference  is  more  a  function  of  the 
reconstruction  exposure  than  it  is  of  the  construction  parameters.  Clt  should 
be  indicated  at  this  point  that  the  interference  fringes  are  not  observed  on  the 
resolution  chart  since  it  was  simply  taped  to  the  aluminum  plate  and,  hence, 
was  suitably  decoupled  from  the  acoustic  deformation  induced  in  the  plate.) 

c.  Conclusions 


Based  upon  these  results,  it  appears  that  good  quality  interferometric 
holograms  can  be  constructed  in  areas  which  contain  high  levels  of  ambient 
illumination,  without  filtering,  provided  that  the  exposure  time  can  be 
controlled.  For  example,  the  tests  conducted  with  200  foot-candles  measured  at 
the  photographic  plate  indicate  this  to  be  the  limit  for  a  75  millisec  exposure. 
However,  extrapolation  suggests  that  holographic  exposures  can  be  constructed 
with  the  object  in  direct  sunlight  (average  subject  produces  600  foot-candles  on 
reflection)  by  reducing  the  exposure  time  to  approximately  25  milliseconds. 

This  duration  of  exposure  time  is  possible  with  the  present  shutter  assembly  by 
reducing  the  length  of  the  curtain  opening.  The  results  further  indicate  that 
there  is  considerable  latitude  in  the  construction  parameters  within  which  the 
quality  of  the  reconstructed  objects  does  not  degrade.  For  example,  it  is 
desirable  to  maintain  the  reference-to-object  beam  intensity  ratio  greater  than 
unity,  but  the  results  appear  comparable  for  ratios  which  range  from  30:1  to  2:1. 
In  addition,  it  is  evident  that  in  constructing  double-pulse  interferometric 
holograms,  it  is  not  necessary  that  the  two  pulse  amplitudes  be  precisely  matched 
to  optimize  the  reconstructed  fringe  contrast. 
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Effects  of  Vibration 


The  short  pulse  duration  (approximately  20  nanosec)  of  the  pulsed  ruby  laser 
provides  an  exposure  time  which  is  short  enough  to  eliminate  the  effects  of  all 
mechanical  vibration  in  the  construction  of  a  singly  exposed  hologram.  However, 
as  discussed  in  Ref.  3  the  application  of  double  pulsed  holographic  interferometry 
still  requires  stability  of  the  position  of  the  reflecting  object  (test  piece) 
and  the  optical  components  to  prevent  the  formation  of  secondary  fringes  which 
may  obscure  the  desired  results.  If  the  relative  motion  is  large,  the  fringe 
spacing  may  be  so  small  as  to  preclude  their  resolution  and  detection.  Therefore, 
the  separation  of  the  two  pulses  used  to  construct  the  interferometric  hologram 
must  be  short  enough  in  time,  so  that  between  the  two  exposures  the  components 
have  remained  essentially  motionless,  except  of  course  for  the  deformation 
introduced  intentionally  by  the  deformation  generating  mechanism. 

Fatigue  Test  Laboratory  test  pieces  studied  (composite  rotor  blade  sections) 
were  placed  under  flexural  and  torsional  loads.  Consequently,  there  were  two 
factors  to  be  considered  in  the  construction  of  interferometric  holograms  in  this 
particular  facility.  The  first  was  the  random  motion  of  the  optical  components 
relative  to  the  test  piece  caused  by  ambient  vibration,  and  the  second  was  the 
periodic  motion  of  the  test  piece  undergoing  fatigue  testing. 

If  considerable  motion  occurred  between  the  holographic  components ,  a  set  of 
interference  fringes  would  be  produced  (related  to  their  relative  line-of-sight 
displacement)  which  would  not  be  related  to  the  surface  deformation  of  interest. 

In  the  present  case,  pulse  separations  of  100  ysec  were  employed  to  construct 
the  interferometric  holograms.  Therefore,  only  those  frequencies  above  approximate¬ 
ly  1  KHz  should  affect  the  holographic  construction  apparatus,  if  they  exist  with 
sufficient  amplitude  to  cause  relative  displacements  greater  than  0.31+T  microns. 

To  test  the  ability  of  the  laser  and  holographic  apparatus  to  construct  inter¬ 
ferometric  holograms  in  this  environment,  several  holograms  of  a  test  object  in 
a  static  unloaded  case  were  constructed.  Shown  in  Fig.  13  is  a  representative 
reconstruction  of  one  of  these  holograms.  No  interference  fringes  are  visible 
indicating  that  vibrational  motion  above  approximately  1  KHz  did  not  have 
sufficient  amplitude  to  cause  relative  motion  between  any  of  the  components  during 
the  100  ysec  pulse  separation. 

The  results  previously  depicted  in  Figs .  6  and  7  further  substantiate  that 
vibrational  effects  will  not  interfere  with  the  constriction  of  interferometric 
holograms  in  high  vibration  fields.  In  these  cases  the  total  optical  path  lengths 
approached  6 0  feet  which  would  have  exaggerated  the  beam  displacement  if  the 
vibration  levels  were  too  high.  Vibration  measurements  using  a  Kistler  Model 
303B13  accelerometer  were  taken  at  various  positions  in  the  Fatigue  Test  Lab 
which  corroborated  this  conclusion.  For  example,  with  the  accelerometer  mounted 
on  the  shakeframe,  or  on  the  optical  table,  the  1  KHz  component  was  determined  to 


-  27  - 


SavPLE  '•  S  IK.  ALUMINUM  PLATE 
Pulse  SEPaSaTiOn  iOS.  SECONDS 

AvisENi  light  level  if  f  ~0T  candles 


FIGURE  13.  RECONSTRUCTION  OF  I  NTERFEROMETRIC  HOLOGRAM  CONSTRUCTED  IN 

FATIGUE  TEST  LABORATORY 


have  an  amplitude  of  less  than  2  x  10~^  micron.  This  would  cause  a  displacement 
of  approximately  2  x  10" 5  microns  between  the  two  laser  pulses  which  should  be 
insufficient  to  cause  degradation  in  the  holographic  image.  Vibration  tests  were 
also  made  with  two  100,000  pound  test  machines,  which  are  located  in  the  laboratory , 
in  operation.  The  displacements  calculated  were  approximately  1,100  microns 
directly  on  the  machine  shake  frame  and  approximately  33u  on  the  optical  table  at 
the  resonant  driving  frequency  for  the  machines  of  15  Hz.  At  1  KHz  the  displace¬ 
ments  were  calculated  to  be  0.25  microns  directly  on  the  shakeframe  and  approx¬ 
imately  7*5  x  10“  3  microns  on  the  optical  table  or  floor. 

The  results  obtained  in  the  Fatigue  Test  Laboratory  indicate  that  holograms 
could  be  constructed  in  such  an  environment  with  pulse  separations  as  long  as 
100  microseconds.  For  this  case,  the  displacements  which  occur  at  1  KHz  were 
not  large  enough  to  cause  image  degradation.  The  displacements  at  1  KHz  would 
have  to  approach  approximately  0.04  microns  before  subsidiary  fringes  related  to 
optical  component  shift  would  be  detected. 

With  regard  to  motion  of  the  object  itself  due  to  the  stressing  mechanism, 
the  composite  blades  are  generally  driven  at  500  rpm.  m  the  case  of  pure 
flexural  motion,  the  maximum  amplitude  is  approximately  S'*.  Assuming  a  pulse 
separation  of  100  psec,  the  normal  line-of-sight  displacement  would  be  approximately 
120  microns.  During  the  individual  20  nanosecond  pulse  duration,  the  test  object 
would  move  approximately  0.02  microns  and  should  not  cause  any  particular 
difficulty. 

As smning  a  maximum  allowable  motion  of  approximately  1/8  wavelength  along  the 
optic  axis  in  order  to  maintain  a  high  holographic  quality  gives  a  displacement 
of  0.087  microns  during  a  20  nanosecond  exposure.  This  leads  to  a  maximum 
displacement  velocity  along  the  line  of  sight  of  approximately  430  cm/sec  for 
the  object  itself  before  image  quality  would  degrade  due  to  object  motion. 


Effects  of  Suspended  Aerosols 


Another  important  consideration  in  the  utilization  of  holographic  techniques 
in  an  industrial  environment  is  the  state  of  the  atmosphere  through  which  the 
laser  beams  must  propagate  to  construct  the  hologram.  Of  particular  importance 
are  the  presence  of  scatterers  in  the  air  such  as  dust,  smoke,  etc.  An.  obvious 
solution  to  this  problem  is  the  encasement  of  the  holographic  recording  system  to 
provide  a  uniform,  non-scattering  environment.  Although  this  would  not  require 
as  massive  a  structure  as  that  required  for  vibration  isolation,  such  a  structure 
would  reduce  the  portability  of  the  system  and  also  reduce  the  versatility. 


The  size  of  the  aerosol  will  determine  the  particular  effect  it  may  have 
upon  the  holographic  image  quality.  If  the  aerosol  is  less  than  I  micron  in 
diameter,  scattering  of  the  transmitted  radiation  will  predominate.  The  effect 


should  be  to  reduce  the  total  transmission  of  laser  energy  to  the  photographic 
plate  thereby  possibly  causing  image  degradation  because  of  insufficient  exposure. 
On  the  other  hand,  if  the  aerosols  are  of  sufficient  size  (larger  than  1  micron 
diameter)  the  particle  will  be  resolved  in  the  reconstruction,  in  addition  to 
causing  a  loss  of  transmitted  energy.  Upon  reconstruction,  therefore,  the 
particles  will  be  seen  causing  an  obstruction  of  the  observed  target. 

In  order  to  examine  the  effects  of  airborne  aerosols  upon  the  holographic 
image  quality,  a  chamber  was  fabricated  to  house  the  holographic  optical 
components  and  to  contain  the  aerosols.  Figure  l’-*  illustrates  the  components  and 
the  chamber.  Aerosol  distributions  can  be  inserted  and  circulated  to  remove  the 
effects  of  settling  by  a  small  Muffin  type  fan  at  one  end  of  the  chaxfter.  Since 
the  eventual  use  of  holographic  nondestructive  inspection  methods  will  require  the 
exposure  of  all  the  holographic  components  to  the  ambient  atmosphere,  it  was  felt 
that  these  tests  should  be  conducted  in  the  same  manner,  l.e.  to  examine  the 
effects  of  aerosol  concentrations  in  both  the  reference  and  object  beams. 

The  American  Conference  of  Governmental  Industrial  Hygienists  has  established 
a  threshold  limit  value  on  particulate  concentrations  in  industrial  environments. 
For  example,  an  upper  limit  of  5  milligrams /cubic  meter  is  given  for  the  concen¬ 
tration  of  oil  vapors.  These  would  generally  be  limited  to  particle  sizes  less 
than  lOy  in  diameter. 

Preliminary  investigations  have  been  carried  out  to  examine  the  effects  of 
small  <ly  particles  (smaller  than  typical  oil  droplet  sizes  of  10yl  upon 
holographic  image  quality.  These  tests  have  incorporated  the  use  of  cigar  smoke, 
with  a  range  of  particle  sizes  approximating  0.01  to  1  microns.  No  quantitative 
analysis  has  been  conducted  to  date,  hut  the  results  depicted  in  Fig.  15  are 
illustrative  of  the  effects  of  dense  smoke  on  image  quality.  Even  with  smoke 
concentrations  far  in  excess  of  the  threshold  limit  value  for  oil  vapors,  holo¬ 
grams  could  be  constructed,  although  there  was  a  noticeable  loss  in  both  resolution 
and  contrast. 

Figure  15b  shows  considerable  image  degradation  in  the  resolution  chart 
although  the  fringes  themselves  are  quite  sharp.  The  standing  wave  character  of 
this  fringe  pattern  is  indicative  of  improper  triggering  of  the  driving  transducer 
in  advance,  so  that  the  two  laser  pulses  occurred  with  the  plate  vibrating,  leading 
to  this  anamolous  fringe  pattern.  This  also  may  have  provided  some  motion  to  the 
resolution  chart  resulting  in  the  apparent  loss  in  resolution.  Additional  work 
in  this  area  is  planned  for  the  coming  months. 
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FIGURE  15.  RECONSTRUCTIONS  OF  PULSED  HOLOGRAMS 
MADE  IN  SMOKE  ENVIRONMENTS 
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h  study  ns  coadgcged  to  detesvdae  tie  effects  of  coapcacait  sarfbee 
wbeo  reocsnilng  itsterfferianettric  "umT  igr—  Ttee  sarffMoes  studied  were  fk&r&eeteS 
b y  rolling,  iwffMfflfffg  ea£  griadittg  opesrstioes  and  bad  average  surface  regaetses 
varying  between  &  p  in  and  2,3830  p  is.  The  Msjtr  position  ©f  tie  erperiaental 
effort  was  directed  toward  tbe  snootber  types  of  surface  fisisi;  those  with  a 
Measured  valxse  trader  32  9  is-  It  is  tMs  type  of  surface  did  will  base  tie 
greatest  effect  od  tie  iaterfleroaetric  fringe  quality  beeaase  of  tbe  increased 
specsslsr  content  of  tbe  scattered  light.  Since  specularly  scattered  light  obeys 
tie  mirror  reflection  law,  tMs  portion  of  tbe  ligst  will  base  a  greater  intensity 
than  tie  diffusely  scattered  light  and  coaid  therefore  effect  tear  interfercaetrie 
fringe  contrast.  It  is  also  possible  tact  tbe  location  of  a  fringe  is  a  specslar 
region  could  be  affected.'-  In  addition,  tie  reflectivity  of  the  object  surface 
will  determine  the  aaount  of  energy  directed  to  tbe  holographic  plate.  All  of 
these  considerations  will  then  affect  object  orientation  and  object  size. 

The  laser  eaployed  in  these  studies  was  a  pulsed  Kbrad  ruby  laser  operating 
in  an  opes  Isse  node.  By  not  Q-stittidig  tbe  laser,  an  effective  pulse  length 
on  tbe  order  of  an  111  seconds  is  obtained,  (The  actual  poise  is  composed  of 
several  Microsecond  poises  for  a  duration  of  a  aa  Hi second. )  Ibis  type  of  poise 
duration  has  several  advantages.  First,  tbe  poise  duration  would  be  short  enough 
to  effectively  isolate  objects  oaring  doe  to  environMental  vibrations,  i.e. , 
vibratory  frequencies  less  than  100  Ez.  Second,  cyclic  vibrations  higher  than 
1000  Hz  would  be  tine-averaged.  This  would  allow  the  use  of  the  pulsed  laser  for 
tine-average  holographic  interferometry  and  could  be  done  without  the  use  of 
vibration  isolation  systeas  which  are  necessary  in  cw  holography.  (An  exanple  of 
pulsed  tine-average  holographic  interferometry  is  presented  in  the  section  on  IDT 
of  Composite  Conpressor  Blades.)  Third,  the  total  energy  in  the  laser  pulse  is 
increased  by  about  a  factor  of  ten  over  a  ^-switched  pulse  for  the  sane  flash 
lamp  power.  This  allows  larger  surfaces  to  be  illuminated  which  is  advantageous 
for  the  laboratory  studies  of  rolling  and  Machining  effects.  Fourth,  the  power 
density  is  considerably  decreased  and  thus  conventional  expander,  spatial  filter 
optics  can  be  employed  with  a  much  lower  susceptibility  to  air  breakdown  effects. 
The  two  main  disadvantages  are:  l)  transient  events  cannot  be  studied  with  the 
laser  operating  in  this  fashion,  and  2)  the  temporal  coherence  length  is  relatively 
short,  20  cm.  (This  latter  disadvantage,  however,  was  not  found  to  be  a  limitation 
for  surface  areas  as  large  as  16  sq  ft.) 
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SfwaBattedl  Alrftwc  gtael 

Use  ea^eriseatts  vita  tae  siaoslatei  airfraae  panel ,  afeigfe  bad  a  wacbiae 
rolled  ttmish  (eseanage  stxrfaee  roughness  of  $  *  in),  were  esadraeted  asfrrg  daafcle- 
ezposcre  bsiograceiic  Sgterfeawefcry  vita  static  stress  applied  to  tee  panel 
between  the  poised  laser  exposures.  Tse  applied  stress  was  Identical  It®  tt&C9r  "tt© 
be  described  in  tae  section  on  Maxima*  Strain  and  Strain  Patterns  (an  initial 
load  of  l£&  se  cs  tae  center  belt,  two  entside  bolts  ti^Savcned.  and  tben  an 
additional  TOO  pt  applied  to  tbe  center  bolt).  The  surface  of  tie  panel  bees 
preconditioned  vita  dulling  spray  is  order  to  eliminate  all  specular  reflections 
during  tie  strain  analysis  vark.  It  was  therefore  left  in  tars  condition  for 
these  experiments  becease  of  the  difficulty  la  its  removal  without  ■*— g**--e  tie 
delicate  strain  gages. 

Use  experimental  results  obtained  vita  this  type  of  finish  showed  that  the 
scattered  radiation  vas  highly  peaked  in  the  specular  direction  and  that  the 
holographic  reconstructed  inage  had  aa  appearance  of  being  unevenly  illarinatej. 
(This  sane  effect  had  been  observed  previously,  caring  the  coarse  of  the  cv 
holographic  work,  but  vas  not  as  pronounced  and  acre  easily  corrected  since  a 
variable  exposure  tine  vas  available.)  The  panel  ves  therefore  tilted  so  that  its 
center  vas  scattering  the  maximum  amount  of  radiation  is  the  direction  of  the 
hologram  (i.e.  the  center  vas  the  apex  of  the  specular  angle),  thereby  providing 
maximum  holographic  coverage  vith  pulsed  techniques  - 

Photographs  of  reconstructed  holograms  shoving  this  effect  are  presented 
in  Fig.  1 6.  Figure  16a  shows  the  light  distribution  vhen  the  apex  of  the  specular 
angle  (incident  angle  of  illumination  equals  recording  angle)  is  located  about  one- 
third  of  the  way  up  the  panel;  in  l6b  the  apex  is  centered  on  the  panel;  and  in 
l6c  the  apex  is  located  two- thirds  of  the  way  up  the  panel.  In  addition,  it 
should  be  noted  that  the  results  of  this  investigation,  using  pulsed  holographic 
techniques,  confirmed  the  strain  measurements  made  on  this  panel  using  cv  holo¬ 
graphic  interferometry  to  be  reported  in  a  subsequent  section  of  the  present  report. 
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slate  exteatlSsg  a! -erg  tie  wegtiesl  cegter-Hae.  lie  piste  and  parrel  were  ties 
claaced  is  e  corawstioeal  aar*  f  ~  r  vise.  Ifte  Tatar!  nz  sot  damped  is  any  ffassins 
except  ffor  tie  sceport  piste  op  tike  eester  off  tie  pearl.  3jy  swgcrtfgg  tie  gasel 
is  tils  ffessiors,  sod  simply  setting  it  os  a  table,  eeviroenearttal  isfflae=oes 
produced  moreasest  off  tie  easel  ietwees  poised  bcdograsM.e  exposures  «B>£e5i 
resalted  is  interferometric  ffrisgcs  is  tie  recoBStrmctiOB.  (Eds  ssapogtigg  elate 
was  cecessaay  to  limit  tie  camber  off  ftrirges  so  tiat  resolvable  fringes  cnqild  Be 
obtained  esnxez  t fee  estire  sorffsce.)  Hre  effect  off  sorfece  ffimisfe  sr  tiese  fringes 
csald  ties  Be  evsioated. 

For  tie  results  presented  asd  discussed  Below,  it  ssoald  Be  noted  tiat  tie 
panel  to  hologram  distance  ass  increased  over  that  at  Hi  red  in  the  simulated 
airfreac  e»^nrr  -  2Ssas,  although  tie  Tpa^eH  aoder  discussion  is  tie 

save  size,  its  inage  appears  smaller  (it  i3  farther  Bach  off  tie  bolognas)  and 
has  a  more  even  photographic  exposure  density  (tie  extent  off  tie  necoestructed 
image  does  not  exceed  tie  camera's  angular  field  off  view)  since  tie  saae 
photographic  reconstruction  setup  was  employed.  It  is  for  a  similar  reason  tiat 
tie  reconstructions  off  tie  simulated  airframe  panel  described  previously  (Fig- 
16)  are  not  as  astheticaily  pleasing  as  those  presented  later  (Figs.  32-3*0  in 
tie  section  on  Maximum  Strain  and  Strain  Patterns. 

Two  double-exposure  pulsed  holographic  interfferograas  were  recorded  off  -utch 
side  of  the  panel.  One  recording  was  made  with  the  rolling  direction  vertical 
to  the  table  sad  the  other  with  it  in  the  horizontal  direction.  'The  results 
of  these  tests  are  shown  in  Fig.  18.  Figures  l8e  and  l8b  are  the  smoother 
surface  finish,  while  1 8c  and  l8d  illustrate  the  results  obtained  with  the  rougher 
surface. 

Interferometric  fringes  on  the  smoother  surface  are  clearly  visible  well 
beyond  the  certer  of  the  panel  (point  of  specular  reflection).  Hie  intensity 
does,  however,  fall  off  quite  rapidly  and  as  a  result  the  edges  of  the  uanel  are 
not  visible.  Hie  fringes  near  the  specular  point  are  still  quite  veil  resolved. 
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but  right  at  the  specular  point  all  Interferometric  information  is  lost.  Also 
seen  in  the  photograph  of  the  reconstructions  is  a  streak  of  intense  light  running 
through  the  center  of  the  panel  perpendicular  to  the  rolling  direction  and  is  a 
result  of  the  surface  structure  (fine  scratches  in  the  rolling  direction).  These 
scratches  tend  to  specularly  reflect  light  perpendicular  to  theas elves .  Inter¬ 
ferometric  fringes  passing  through  this  region  are  unaffected  except  for  a  slight 
narrowing. 

Results  from  the  rougher  surface  (Figs.  18c  and  d)  show  that  the  intense 
specular  point  is  no  longer  evident)  the  overall  intensity  distribution  varies 
much  less  across  the  panel  (edges  of  the  panel  are  visible);  and  the  streak  of 
light  perpendicular  to  the  rolling  direction  is  still  present  with  the  at ter dent 
fringe  narrowing  at  these  points. 

k*  x  k*  Panel 

In  order  to  assess  the  surface  finish  effects  of  larger  surface  areas ,  a 
k*  x  k*  machine  rolled  aluminum  panel  l/l6"  thick  was  studied.  One  surface  of 
the  panel  was  painted  with  a  flat  white  paint  and  the  other  left  natural  (average 
roughness  approximately  8p  in).  Each  surface  was  marked  off  in  10  cm  increments 
and  arrows  placed  on  the  natural  surface  to  indicate  the  rolling  direction. 
Photographs  of  the  panel  are  presented  in  Fig.  19.  The  panel  was  supported  in  a 
manner  similar  to  the  smaller  panel,  in  that  a  k"  wide  by  l"  thick  bar  extending 
along  the  vertical  centerline  of  the  panel  was  used  for  support.  The  bar  and 
panel  were  then  clamped  in  a  machine  vise  and  set  on  a  table.  A  photograph 
showing  the  experimental  arrangement  with  this  panel  mounted  in  position  is 
presented  in  Fig.  20.  Also  shown  in  the  figure  is  the  pulse  laser,  optical 
components  and  a  ray  trace  of  the  optical  paths.  'Hie  holographic  plate  and 
illumination  beam  were  elevated  to  the  center  line  of  the  panel  so  that  the 
specular  point  could  also  be  located  along  this  line. 

The  problem  of  uneven  exposure  density  and  inability  to  photograph  the 
entire  image  in  the  reconstruction  process  is  especially  evident  in  the  results 
presented  helow  (Figs.  21-23).  The  distance  between  the  k*  x  5"  hologram  and  the 
k’  x  k’  panel  was  approximately  6’.  Thus,  while  the  reconstructed  image  of  the 
entire  panel  is  easily  observed  visually,  a  lens  with  the  proper  combination  of 
focal  length  and  angular  field-of-view  was  not  available  to  photograph  it. 

a.  Beam  Ratio  Studies 

The  first  series  of  experiments  was  conducted  using  the  flat  white  surface 
of  the  panel  in  order  to  optimize  the  geometrical  parameters.  (These  tests  can 
then  be  compared  with  the  results  obtained  from  the  unpainted  surface.)  When 
double  pulsed  holograms  were  made  of  the  white  surface,  it  was  found  t»  at  the 
light  was  again  scattered  primarily  in  the  specular  direction.  Even  though  the 
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jaeel,  iolpgnu,  and  ill  urination  source  were  aligned  so  that  its  center  vas 
sestteriag  the  serisni  mount  of  light  is  the  direction  of  the  hologram,  only 
the  cocter  portion  of  the  panel  could  he  recorded.  It  vas  found,  hcvever,  that 
hjr  increasing  the  Intensity  of  the  ligit  energy  in  the  reference  beam  when  making 
the  hdsgrqhic  exposures,  it  vas  possible  to  record  the  entire  panel}  and,  just 
as  significantly,  improve,  the  fringe  contrast.  Three  photographs  of  double 
pmlsed  holographic  reconstructions  are  presented  in  Fig.  21  demonstrating  the 
latter  effect.  Figure  21a  vas  taken  from  a  hologra*  which  used  a  UOX  objective 
£m  the  reference  leg  of  the  optical  system.  This  provided  approximately  equal 
isteasities  in  the  objert  and  reference  bean,  and  resulted  in  a  hologram  having  a 
silver  density  equivalent  to  a  neutral  density  (h.D. }  filter  of  approximately  0.3. 
As  seen  in  the  figure  only  the  center  portion  of  the  panel  is  visible.  Figures  21b 
and  e  mere  taken  from  holograms  recorded  in  &  Banner  identical  to  that  in  Fig.  21a 
accept  for  the  power  of  the  beam  expander  in  the  reference  leg  vhich  vaa  decreased 
to  increase  the  reference  bean  intensity  level.  Figure  21b  vas  recorded  vith  & 

2 OX  microscope  objective,  and  Fig.  21c  vith  a  10X  microscope  objective.  Hie 
resulting  holograms  had  l.D.*s  of  approximately  0.6  and  1.2  respectively.  Both 
holograms  recorded  the  entire  panel,  although  the  reconstruction  from  the  denser 
hologram  (fig.  21c)  vas  not  as  bright  as  the  other. 

It  appears  that  once  the  point  has  been  reached  where  the  exposure  from  the 
reference  bean  produces  an  adequate  silver  density  (H.D.  of  0.61  on  the  holographic 
plate,  further  increases  in  the  intensity  provide  no  additional  benefits.  It  is 
snppositioned  that  due  to  the  non-linearity  of  the  photographic  film,  as  described 
in  the  IQqrsical  Shvironment  Effects  section,  the  intense  reference  beam  causes 
the  film  to  reach  the  more  sensitive  portion  of  the  characteristic  exposure- 
deasity  curve.  This  then  allows  the  lower  light  level  from  the  outlying  regions 
of  the  panel  to  be  recorded. 

Tfee  interferometric  fringes  recorded  in  the  hologram  having  a  N.D.  of  0.6 
mere  of  excellent  quality  towards  the  center  of  the  psnel,  with  the  contrast 
degrading  slightly  in  regions  near  the  edges.  This  is  a  result  of  the  lower 
recorded  intensity  in  these  regions. 

b.  Diffuse  Illumination  Studies 

In  addition  to  using  a  simple  lens  system  for  expansion  of  the  laser  beam 
to  illuminate  the  k  foot  square  panel,  a  ground  glass  diffuser  plate  vas  also 
employed  as  the  beam  expansion  element.  Ihese  tests  were  made  in  order  to 
ascertain  the  effectiveness  of  this  type  of  device  for  recording  holographic 
interferometric  fringes.  Figure  22  shows  the  results  of  these  tests.  The 
photograph  in  Fig.  22a  vas  taken  from  a  hologram  recorded  using  a  lens  as  the 
expansion  element  while  the  reconstruction  in  Fig,  22b  was  recorded  vith  a  ground 
glass  diffusing  plate  mounted  in  the  same  location  as  the  lens.  As  seen,  there 
are  no  significant  differences  betveen  the  two  holographic  reconstructions  in  either 


-  1*2  - 


beam  ratio  studies 


4  FT  X  4  FT  PANEL  -  PAINTED  FLAT  WHITE  SURFACE 


(a)  40X 


FIGURE  21.  SURFACE  FINISH  EFFECT  STUDIES 
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DIFFUSE  ILLUMINATION  STUDIES 
4  FT  X  4  FT  PANEL  -  PAINTED  FLAT  WHITE  SURFACE 


(a)  BEAM  EXPANSION  WITH  LENS 


(b)  BEAM  EXPANSION  WITH  DIFFUSER  PLATE 


FIGURE  22.  SURFACE  FINISH  EFFECT  STUDIES 
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fringe  quality  or  area  coverage.  In  subsequent  tests,  however,  one  advantage  of 
using  a  diffuser  plate  became  aost  evident.  Regardless  of  the  intensity 
distribution  across  the  raw  (unexpanded)  laser  beast.,  the  object  illumination 
could  be  rendered  quite  unifora  with  a  diffuser  plate  as  the  expansion  element. 
This  is  not  true  with  a  lens  expander  which  essentially  Maintains  the  intensity 
distribution  in  the  beam  passing  through  it. 

The  panel  was  next  turned  around  and  the  effects  of  a  large  unpainted  Machine 
rolled  surface  were  holograph!  cal  ly  examined  with,  the  rolling  direction  both 
vertical  and  horizontal  to  the  plane  of  the  support  table.  Two  representative 
holographic  reconstructions  are  presented  in  Figs.  23a  and  b.  As  shown  in  these 
photographs,  the  intensity  of  the  reconstructed  image  falls  off  far  more  rapidly 
than  in  the  case  of  the  flat  white  surface.  In  addition,  &  streak  of  light 
perpendicular  to  the  rolling  direction  is  evident  as  was  found  for  the  case  of  the 
smaller  panel.  The  interferometric  fringes  are  of  excellent  quality  near  the 
center,  but  again  fall  off  in  contrast  nearer  the  edges. 

c.  Retro-reflecting  Sheeting  Studies 

In  order  to  demonstrate  that  the  intensity  drop-off  near  the  edges  of  the 
panel  is  a  result  of  surface  finish  and  its  attendant  effects  on  reflected  la-ser 
illumination,  rather  than  being  due  to  a  lack  of  coherence  length,  an  8“  x  6" 
piece  of  retro-reflecting  sheeting  was  placed  in  the  upper  rigfrfchand  comer  of 
the  panel.  (The  retro-reflecting  sheeting  was  supplied  to  UARL  by  W.  F.  Fagan 
of  Paisley  College  of  Technology,  Scotland.  A  spray  paint  having  similar  optical 
properties  is  currently  under  development  by  Fagan  in  conjunction  with  the  3M 
Company  and  could  provide  an  effective  means  for  recording  large  surface  areas 
with  low  energy  output,  lasers.)  A  photograph  of  the  reconstruction ,  illustrating 
the  enormous  increase  in  reconstructed  intensity  in  the  area  of  the  retro- 
reflecting  sheeting  is  presented  in  Fig.  23c.  In  addition,  the  fringe  contrast 
is  improved  but  is  difficult  to  compare  with  those  on  the  panel  because  of  the 
two  radically  different  types  of  surfaces .  (The  increased  fringe  density  on  the 
sheeting  is  a  result  of  only  the  corners  being  fastened  to  the  panel.  This 
allowed  the  center  to  move  freely  as  a  result  of  the  environmental  influences . ) 


Standard  Roughness  Specimens 

The  2"  x  2.5"  standard  surface  roughness  specimens  (manufactured  by  General 
Electric)  used  in  these  studies  consisted  of  ten  surfaces  of  graded  roughness. 

The  surfaces,  which  are  made  of  steel,  were  manufactured  using  typical  fabrication 
methods  (grinding,  lapping,  milling,  etc.)  and  represent  average  surface  roughnesses 
between  microinches  and  2000  microinches.  Figure  2h  shows  a  photograph  of  the 
specimens  with  the  average  surface  roughness  labeled  beneath  each  specimen. 

Seven  of  the  specimens  were  fabricated  by  several  different  machining  processes, 
all  yielding  the  same  surface  roughness  (surface  roughness  >  1 6  microinches). 
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FIGURE  24.  SURFACE  FINISH  EFFECT  STUDIES 


TV-  specimens  wcr-e  amaated.  as  shows-  io  Fig-  2%,  os  a  tMa  mlimriw  garel 
gymy  pjpcy  as  It2sc  bmckgrocscd.  ifinC*  was  ithwi  attttac&ad  to  a  flMirktx* 
womtirng,  plate  (l/2*  ******  try  Iffi"  wide},  clomped  £s  a  amcMae  rise  esd  set  ae  trie 
bologrmgfcic  table.  Dotfele  poise  holcggogMc  feterfferoggaas  were  ties  rieorded 
of  the  pasael,  sad  movement  between  exposures  to  produce  interferometric  frisgES 
was  provided  bgr  earwiraesmeotel  influences.  Bo>3fe2e  poise  recordings  were  wade  in 
this  fasidOB  with  the  surfece  finish  direction  both  -vertical  acd  horizontal  to 
♦*tj»  plane  of  tie  table  - 

the  results  of  these  experiments  are  presented  in  Fig.  25-  H#  contrast 
interferometric  fringes  are  present  on  all  of  the  specimens-  Is  addition,  fringe 
location  an  even  the  roomiest  specimens,  as  well  as  the  others,  is  relatively 
unaffected  by  the  large  variation  in  surface  finish,  (it  can  he  seen  that  there 
is  sense  slight  deviation  in  the  fringes  on  the  2900  t*  in  specimens.  1 

On  the  basis  cf  the  experimental  results,  discussed  in  the  preceding 
paragraphs,  which  illustrate  the  effects  of  various  surface  finishes  (i  y  in  to 
2000  y  in)  and  sizes  (up  to  l6  sq  ft),  the  following  statements  can  he  made: 

1.  Interferometric  holograms  of  surfaces  with  a  roughness  of  less  than  h  y 
in  (a  very  high  polish)  have  been  easily  recorded. 

2-  the  intensity  of  the  radiation  scattered  from  a  surface  is  highly 
peaked  in  the  specular  direction.  Bus  will  tend  to  limit  the  area  coverage  on 
smooth  surfaces.  The  present  tests  have  demonstrated  the  capability  of  recording 
a  1*  foot  square  object,  with  a  surface  roughness  of  8  y  with  an  8  foot  separation 
between  object  and  hologram. 

3.  Specular  reflections  are  enhanced  perpendicular  to  the  surface  finish 
direction.  Thus,  interferometric  fringe  information  may  be  lost  or  degraded  (a 
slight  narrowing  of  the  fringes)  in  areas  of  very  intense  specular  reflection 
(usually  a  single  narrow  line). 

U.  Interferometric  fringe  contrast  decreases  as  the  recorded  intensity 
decreases . 

5.  Holographic  interferometric  quality  is  independent  of  the  laser  beam 
expansion  element  (simple  lens  system  or  diffuser  plate),  except  in  cases  where 
the  raw  laser  beam  has  an  uneven  intensity  distribution;  in  this  event  diffuser 
plates  are  preferred. 

6.  To  obtain  the  maximum  recorded  area  in  a  holographic  interferogram,  the 
specular  point  should  be  centered  about  the  surface  area  of  interest  and  in  the 
case  of  no  ambient  illumination,  the  reference  beam  adjusted  to  yield  a  hologram 
with  a  N.D.  of  approximately  0.6. 


-  1»8  - 


VB**©.**??  «©3<t*n*«  iur«  ■V". 


(•)  MACHINE  MARKS  VERTICAL 


(b)  MACHINE  MARKS  HORIZONTAL 


FIGURE  25.  SURFACE  FINISH  EFFECT  STUDIES 


sBcna  ¥ 


m&xdoi  srna  ue>  sssah  Txmsas 


iwmmzmM 

A  study  was  copdncfced  to  anticipate  and  resolve  the  problem  expected  in 
performing  poised-laser  holographic  strain  analysis  on  large  aircraft  structures 
in  realistic  envixonaents.  This  study  involved  extrema  in  both  the  analytical 
and  experimental  conditions. 

Analytically,  an  uoaabiguons  determ nation  of  the  strain  field  is  required, 
taking  as  date  the  interfexooetric  fringe  field  fron  double-exposure  hologram 
of  larce  structures.  Possible  sources  of  error  in  the  holograph! cally-recorded 
interference  patterns  which  had  to  be  considered  were:  absence  of  a  zero-motion 
reference  point;  variations  in  the  illumination  and  recording  angles;  effects 
of  translation  and  rotation;  and  the  curvature  and  aspect  angle  of  the  object. 

In  a*:  lit  ion ,  the  size  and  lack  of  a  jam  try  in  the  structural  surfaces  studied 
aade  it  necessary  to  perfom  a  full  three-dimensional  analysis  of  the  displacement 
field  rather  than  rely  on  the  conventional  two-di gens i onal  interferometric  theory. 

Experimentally ,  the  extreme  viewing  angles  (up  to  1*5° 1,  large  subject 
surface  areas,  sensitivity  of  large  unsupported  surfaces  to  extraneous  environmental 
influences  even  under  isolated  conditions,  and  difficulties  in  data  reduction  all 
had  to  be  considered.  In  addition,  the  typically  extreme  sensitivity  of  holo- 
graphic  interferometry  V*  displacement  made  it  difficult  to  compare  the  holographic 
data  with  conventional  strain  gage  data  for  the  purpose  of  verifying  data  reduc¬ 
tion  procedures. 

The  following  two  major  parts  of  this  section  provide  a  comprehensive  review 
of  the  first  year's  effort  directed  toward  applying  interferometric  holography  to 
the  determination  of  maximum-strain  concentration  points  and  strain-pattern 
visualization  on  large  aircraft  structures.  The-  first  part  pertains  to  the 
theoretical  analysis.  It  contains  discussion  of:  holographic  interferometric 
theory  as  applied  to  large  three-dimensional  structures;  holographic  layout 
geometry;  simple  translational  and  rotational  rigid  body  motions  which  may  produce 
spurious  strain  data;  the  effect  of  object  orientation  and  curvature;  and  a 
procedure  for  data  reduction  and  computation  of  spatially-resolved  strain  fields. 

The  second  part  reviews  the  experimental  phase  of  the  study.  It  contains  a 
description  of  the  test  equipment  used  in  the  experiments;  procedures  to  obtain 
the  holographic  data;  and  a  comparison  of  holographic  strain  measurements  with 
conventional  strain  gage  data  recorded  on  large  structural  surfaces. 


THEORETICAL  A1AUSIS 


The  memsuremexrt  of  surf  ice  strain  has  been  achieved  by  means  of  various 
Methods  employing  holographic  interferometry.  In  every  case,  the  methods  have 
had  inherent  liaitations  which  preclude  their  application  to  the  Measurement  of 
surface  strain  on  large  three-dimensional  structures  in  a  realistic  environment. 

The  following  is  a  survey  which  reviews  the  principal  holographic  approaches 
implemented  in  the  past  and  discusses  the  1  imitations  of  each.  Following  this, 
a  theoretical  basis  for  a  method  which  circumvents  or  minimizes  these  limi tac¬ 
tions  is  developed. 

Haines  and  Hildebrand  (Ref.  first  analyzed  the  interferometric  fringe  field 
obtained  from  the  superposition  of  an  object  surface  in  two  states,  recorded  in 
a  single  hologram.  The  object  motion  is  expressed  as  a  function  of  a  displace¬ 
ment  vector  for  each  point  on  the  surface  and  the  Euler  rotation  angles  of  the 
normal  to  the  surface.  The  motion  field  msy  be  solved  by  measuring  fringe 
frequency  about  the  object  point  along  two  orthogonal  directions  transverse  to 
the  line  of  sight.  In  order  to  obtain  the  full  three-dimensional  displacement 
field,  however,  two  different  viewing  directions  of  the  same  scene  are  required 
along  with  a  knowledge  of  the  distance  from  the  object  to  the  position  of  localiza¬ 
tion  of  the  fringes;  the  latter  generally  being  a  difficult  parameter  to  measure. 

A  considerably  simpler  formulation  was  derived  by  J.  E.  Sollid  (Ref.  8)  and 
later  extended  by  K.  Shibayama  and  H.  Uchiyama  (Ref.  9).  In  this  formulation 
the  general  motion  can  he  solved  completely,  but  the  absolute  fringe  order  as 
measured  from  a  zero-motion  point  must  he  known.  Additionally,  three  holographic 
viewpoints  are  required,  which  for  a  large  object  implies  three  holograms  separated 
by  appreciable  viewing  angles.  Both  of  these  requirements  are  impractical  in 
the  application  of  pulsed  holography  to  large,  moving  objects. 

A  method  proposed  by  Alexandrov  and  Bonch-Bruevich  (Ref.  10 }.  describes  the 
surface  motion  point  by  point.  The  Euler  angles,  the  position  of  localization  of 
the  fringe  pattern,  and  absolute  fringe  order  are  not  necessary  if  the  fringes  are 
viewed  in  the  same  plane  as  the  image.  A  method  for  data  reduction,  involving 
Just  one  hologram,  is  proposed  which  works  in  principle  but  is  severely  limited 
in  practice  by  the  solid  angle  which  the  object  subtends  at  the  hologram. 

A  feature  shared  by  all  of  the  above  methods  is  that  they  make  a  direct 
measurement  of  the  surface  deformation  in  the  direction  of  strain  while  recording 
the  holograms  at  near  normal  incidence.  However,  in  many  cases,  the  amount  of 
surface  deformation  in  the  direction  of  strain  is  small  even  by  holographic- 
interferometric  standards.  (100  ye  on  a  two-and-a-half  centimeter  sample  would 
only  result  in  an  observation  of  a  5  x  10”^  part  of  a  fringe.]  A.  E.  Ennos 
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(Ref.  11)  demonstrated  direct  measurement  of  in-plane  strain  which  maximizes  the 
holographic  sensitivity  to  the  in-plane  motion.  The  procedure  requires  that  the 
holographic  recording  be  made  at  grazing  incidence  to  the  surface  being  measured. 
There  are,  however,  a  number  of  disadvantages  to  this  procedure ,  one  being  that 
unless  the  surface  is  flat,  the  field-of-view  is  severely  limited.  (Even  with  a 
flat  surface,  the  reconstructed  image  is  distorted  due  to  the  skewed  viewing 
angle.)  Another  disadvantage  lies  in  the  fact  that  if  the  surface  has  an  out-of¬ 
plane  displacement  component  introduced  by  the  stressing  force,  two  different 
holographic  views  of  the  surface  must  be  recorded,  and  the  strain  data  obtained 
by  subtracting  one  set  of  interferometric  fringe  contours  from  the  other.  This 
would  add  a  considerable  amount  of  time  to  the  data  reduction  procedure.  A 
further  limitation  is  that  the  extent  of  the  surface  which  can  be  analyzed  is 
only  as  long  as  the  coherence  length  of  the  laser.  (Hie  surface  area  which  can 
be  recorded  holographically  when  the  illumination  is  normal  can  always  be 
increased  by  moving  the  hologram  further  away.)  Because  of  the  above  disadvantages, 
the  direct  measurement  of  in-plane  strain  on  large  complicated  surfaces,  recorded 
at  grazing  incidence,  must  be  ruled  out.  Direct  measurement  at  near  normal 
incidence  must  also  be  ruled  out  because  of  the  extremely  low  sensitivity  of 
holographic  interferometry  to  this  type  of  movement. 

Another  technique  for  measuring  in-plane  strain  directly  (Ref.  12  and  13) 
utilizes  the  speckle  effect  from  a  coherent  light  source.  Although  this  technique 
cannot  be  strictly  interpreted  as  being  holographic,  it  does  have  the  advantage 
of  measuring  surface  strain  directly  with  interferometric  type  accuracy.  The 
principle  of  operation  is  to  compare  the  speckle  pattern,  produced  when  a 
coherent  light  source  illuminates  a  diffusively  reflecting  surface,  with  itself 
after  a  stress  has  been  applied.  This  is  done  by  photograph! cally  recording  tin 
image  of  the  speckle  pattern  on  the  surface  of  the  object  caused  by  illuminating 
the  surface  simultaneously  from  two  different  directions  with  a  laser  light  source. 
This  photograph  is  then  placed  in  the  image  plane  and  acts  as  a  "shadow  filter"  to 
monitor  changes  in  the  speckle  pattern  due  to  an  applied  stress.  These  changes 
result  in  bright  and  dark  fringes  covering  the  image  plane.  The  process  is 
similar  to  a  Moir6  technique  except  that,  instead  of  comparing  two  grid  patterns, 
two  random  speckle  patterns  are  compared. 

Disadvantages  of  the  technique  are  that  the  fringe  contrast  is  generally 
poor,  and  it  has  a  limited  dynamic  range.  Another  disadvantage  would  be  that  the 
in-plane  displacement  is  usually  not  as  great  as  the  normal  displacement  in 
simple  bending  modes ;  thus ,  the  technique  would  not  be  as  effective  in  this  case 
as  the  holographic  technique.  If  large  in-plane  forces  are  involved,  and  in-plane 
displacements  must  be  studied  as  opposed  to  normal  displacements,  the  technique 
would  be  attractive  from  the  standpoint  of  visual  interpretation  of  the  resulting 
patterns  for  qualitative  measurements ;  quantitative  results  could  be  achieved  by 
data  reduction. 


However,  in  general,  the  holographic  strain  measurement  most  rely  on  the 
indirect  approach  of  first  determining  the  out«of-plane  surface  displacement  caused 
by  a  stressing  force  and  relating  this  to  the  actual  in-plane  strain.  The 
relationship  between  the  principal  in-plane  strains  and  the  out-of-plane  displace¬ 
ment  can  be  seen  by  first  considering  the  relationship  between  the  strains  in  any 
two  orthogonal  directions  with  the  strains  along  the  principal  axis  (Ref.  l4): 
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where  eln>1T  and  Sm-in  are  the  principal  strains,  ex  and  e  strains  in  any  two 
orthogonal  directions,  and  e^y  the  shear  strain.  Associated  with  each  strain 
direction  is  a  surface  curvature  term  (Ref.  15). 
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where  c  is  the  distance  of  the  surface  from  the  neutral  surface  of  the  object j 
32(AZ)/3x2  and  32(AZ)/3y2  is  the  second  derivative  of  the  flexure  displacement 
AZ  with  respect  to  the  transverse  surface  coordinates  (surface  curvature)  which 
is  represented  by  xx  and  xyJ  32(AZ)/3x  3y  is  the  derivative  of  the  flexure 
displacement  with  respect  to  both  orthogonal  coordinates  (twisting  curvature ) 
which  is  represented  by  Xxy*  Substitution  of  these  above  relationships  into  Eq.  1 
yields : 


where  XTnny  and  X^n  are  the  maximum  and  minimum  surface  curvature  of  the  surface. 
This  is  then  the  desired  relationship;  the  principle  strains  are  directly  propor¬ 
tional  to  the  maximum  and  minimum  surface  curvature. 

Although  this  relationship  between  the  strain  and  the  flexure  assumes  that 
the  object  has  a  constant  cross  section,  it  has  been  shown  (Ref.  l6)  that  the 
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equation  is  valid  for  complex  surfaces  provided  that  the  cross  sectional  varia¬ 
tion  is  not  too  extreme.  In  addition  it  is  also  assumed  that  the  applied  stress 
does  result  in  flexural  strain  of  the  structure,  rather  than  pure  in-plane  strain. 
This  is  generally  the  case  with  large  complex  structures  such  as  aircraft  or 
aircraft  components . 

The  latter  assumption  can  be  Justified  by  considering  the  simple  case  of  a 
rectangular  cantilevered  beam,  tip-loaded  with  a  tangential  force  Fs  and  a  normal 
force  Fn.  The  strain  es  induced  by  Fs  is  given  simply  by  Hooke’s  law: 


esM  = 


_£s _ 

2  cw  E 


where  x  is  the  coordinate  parallel  to  the  long  axis  of  the  beam,  w  is  the  width 
of  the  beam,  and  E  is  Young's  modulus.  The  surface  strain  due  to  the  normal 
force  en  is  given  (Ref.  17)  as: 


cnCltl  ’  F5  ft'*1 


where  I  is  the  moment  of  inertia  of  the  beam  cross-section,  and  X  is  the  length 
of  the  beam.  By  ratioing  the  above  two  expressions  and  making  the  proper  substi¬ 
tution  for  the  moment  of  inertia  the  following  expression  is  obtained: 


en  _  ?n  ,3  X-X\ 

es  Fs  ^ 

For  thin  structures,  X-x  »  c;  hence,  the  quantity  in  parentheses  is  very  large 
except  near  the  point  of  the  applied  load,  where  X-x  -  c.  Thus,  even  if  the  two 
forces  are  comparable ,  the  strain  induced  by  the  normal  force  dominates  the  strain 
contribution  from  the  tangential,  force  at  distances  greater  than  c  from  the  point 
of  applied  force. 

In  the  following  discussion  a  method  will  be  put  forth  which  eliminates 
the  need  for  more  than  one  hologram,  knowing  the  zero  displacement  point,  and 
reduces  the  data  reduction  procedure  to  a  simple  equation  which  can  reduce  the 
fringe  information  to  strain  information  directly.  The  method  computes  the  second 
derivative  of  displacement  from  the  fringe  data,  eliminating  the  need  to  first 
obtain  displacement  data  and  then  to  compute  the  second  derivative.  The  effects 
of  extraneous  (riw*d  body)  motion,  object  curvature,  and  fringe  curvature  are 
taken  into  account;  and  a  simple  data-reduction  formula  is  obtained.  It  also 
provides  a  system  for  determining  the  maximum  strain  areas  by  visual  inspection  of 
the  reconstruction.  The  method  developed  meets  the  demands  for  strain  measurement 
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The  fttHtwring  theoretical  description  details  the  necessary  mathematics 
seqssSnei  before  as  interpretatioc  of  strain  fields  can  be  aade  from  holographic 
data.  TMs  analysis  is  concerned  with  double-exposure  holographic  interferometry 
ami  will  fee  equally  applicable  to  cw  systems  as  well  as  pulsed  systems. 


©awider  first  the  recording  of  two  object  wavefronts,  A^  and  A^,  in  the 
sase  esnlyioe  along  with  a  reference  wavefront,  Aj^.  The  intensity  distribution 
mssriei  in  the  hologram  plane  is  then: 


*  '*01^2  +  ^*02^  +  ^KL^Ol  +  A02^  +  AR1^)1  +  Ano* 


where  the  asterisk  indicates  the  complex  conjugate  of  the  function.  If  the  holor 
gram  is  then  processed  and  illuminated  with  a  wavefront,  the  emerging 

diffracted  wave  field  will  have  a  term  proportional  to 


^R2*ri^91  +  *02*'' 


fbe  factor  A*,  can  be  set  equal  to  one  (the  special  case  when  the  reconstruc¬ 
tion  wavefront  is  equal  to  the  original  reference  wavefront)  without  any  loss  in 
generality  since  at  best  it  will  only  introduce  a  magnification  factor  effecting 
hots  reconstructed  wavefronts  equally.  The  reconstructed  image  then  is  just  the 
vector  summation  of  the  two  abject  wavefronts  which  were  recorded  sequentially 
in  time. 


It  is  now  assumed  that  the  object  is  a  diffuse  scatterer  and  as  such,  only 
identical  surface  points  interfere  with  each  other.  This  assumption  is  based 
on  the  feet  that  the  surface  roughness  is  greater  than  the  optical  wavelength 
and  therefore,  each  point  on  the  surface  will  have  its  own  phase  signature  which 
is  different  fron  every  other  point  in  a  random  fashion.  If  interference  between 
points  of  different  phase  signature  takes  place,  then  the  result  would  be  a 
randomly  distributed  fringe  field;  this  is  clearly  not  the  case.  Clt  should  be 
noted  from  the  previous  section  that  even  for  very  smooth  surfaces,  on  the  order 
of  optical  wavelengths,  there  are  sufficient  phase  variations  to  produce  a  well 
ordered  fringe  sy* rem.  However,  in  the  bright  specular  regie- 3  that  were 
produced  as  a  resu_ -  of  machining  direction,  this  does  not  seem  to  be  the  case.) 
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As  a  result  of  the  above  assumption,  each  surface  point  can  be  considered 
separately,  greatly  simplifying  the  mathematics.  The  object  wave  field  can  now 
be  represented  as: 


*01  -  *0  e1*1 


A  =  A  e^2 
*02 


where  Aq  is  the  amplitude  of  the  object  point,  and  and  are  the  phases  of 
the  same  point  during  the  first  and  second  holographic  exposures.  The  intensity 
distribution,  I..,  in  the  reconstructed  image  is  then: 

xi  =  ^Ia012  cos2  . 

The  intensity  distribution  in  the  reconstructed  image  is  a  function  of  the 
intensity  of  the  object  points,  1 AQ | ^ ,  modulated  by  the  cosine  factor  which  is  a 
function  of  the  phase  change  resulting  from  the  point  displacement.  The  task  for 
the  remaining  portion  of  this  section,  therefore,  is  to  relate  this  phase  change 
to  the  point  displacement  for  the  general  three-dimensional  case. 

Referring  now  to  Fig.  26a,  an  object  point  0  is  illuminated  with  a  mono¬ 
chromatic  coherent  point-source,  S,  a  vector  distance  r^  away.  If  the  light 
scattered  from  0  is  detected  by  means  of  a  photographic  emulsion  at  the  point  H, 
a  vector  distance  r  away,  then  the  phase  of  the  ray  SOH  is: 


=  k(r  +  rQl  =  2irm 


where  m  is  the  fringe  order  and  k  =  2tt/X. 


It  can  be  seen  then  that  the  locus  of  all  points  having  constant  phase  is 
an  ellipsoid  of  revolution  with  foci  at  S,  H  and  a  majo”  axis  equal  to  r  +  rQ 
which  is  equal  to  mX.  This  describes  the  phase  field  on  the  object  recorded  by 
the  first  exposure  of  a  double-exposure  hologram. 


Now  it  is  assumed^that  after  the  first  exposure  is  made,  the  point  0  is 
displaced  a  distance  Ar  to  the  new  point  O'  so  that  Ar  is  not  a  chord  of  the 
ellipsoid  of  constant  phase.  (If  this  displacement  were  allowed  then  no  inter¬ 
ferometric  fringes  would  be  recorded  by  the  hologram  since  the  phase  change 
observed  at  the  point  H  would  be  zero.)  The  phase  for  the  new  optical  path  is: 
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♦2  =  k[  |  r  +  Ar  J  +  |rD  +  firj ]  *»  2*  Cm  +  Ami 


which  is  the  equation  of  a  new  ellipsoid  through  O'  with  foci  S,  H  and  major  axis 
equal  to  (m  +  Am)\. 

The  second  exposure  is  now  made.  The  phase  change  describing  the  object 
point  displacement  is  thens 


<j>1  =  k[  |r  +  Ar  |  +  |rQ  +  Ar 


Cr  +  rQl]  =  2wAm. 


In  order  to  determine  the  displacement  field  from  the  above,  a  simplified 
expression  relating  the  system  parameters  is  required.  Considering  half  of  the 
expression  involving  r,  it  will  be  noted  that: 


|r  +  Ar|  -  r  »  r[(l  ♦  +  2  ]  -  r  .  (3) 

If  now  the  square  root  term  is  expanded  in  a  binomial  series  and  terms  smaller 
than  1/r2  are  dropped,  we  have: 

■  -> .  A**  n  -+•  » 

|r  -  Ar|  -rs2r  sin*  v  +  Ar»r 


where  v  is  the  angle  between  the  vector  r  said  Ar  and  r  is  the  unit  vector  in  the 
direction  of  r.  A  similar  result  is  obtained  from  the  other  half  of  Eq.  3 
involving  rQ.  The  final  result  then  is: 


$2  -  fi  3  k[Ar»Cr  +  rQl  +  ~  C' 


rsin2  v  +  sin*1 
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A  physical  interpretation  of  this  result  can  be  obtained  by  noting  r  +  r0  is 
a  vector  which  bisects  the  angle,  p,  between  r  and  rQ  (see  Fig.  26b),  and  is 
normal  to  the  surface  of  the  constant-phase  ellipsoid.  15ie  latter  statement  can 
be  verified  by  noting  that  the  ray  SOH  abeys  the  reflection  laws  and  as  such,  the 
bisector  of  the  angle  between  r  and  ?0  must  be  perpendicular  to  the  surface.  It 
therefore  earn  be  concluded  that  the  first  term  in  the  brackets  is  Just  the 
projection  of  the  displacement  vector  Ar  onto  the  normal  of  the  ellipse, 
multiplied  by  the  summation  of  the  unit  vectors,  2  cos  p/2.  The  second  term  in 
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the  brackets  is  harder  to  interpret  except  in  the  limiting  case  when  H  and  S  are 
identical.  For  this  special  case  the  ellipsoid  becomes  a  sphere  and  Ar  sin  v  is 
the  projection  of  Ar  onto  the  tangent  of  the  circle  (the  first  term,  for  this 
limiting  case,  still  has  the  same  interpretation  as  above}.  Therefore,  the 
second  term  is  just  the  square  of  this  value  divided  by  the  distance  r.  The 
relative  magnitude  of  this  term  compared  to  the  first  can  now  be  estimated. 

If  the  displacement  vector  makes  an  angle  of  80°  or  less  to  the  surface  normal, 
and  it  is  assumed  that  the  distance  from  the  source-hologram  combination  to  the 
object  is  greater  them  10  cm  and  the  displacement  is  on  the  order  of  wavelengths, 
then  the  first  term  is  approximately  3  orders  of  magnitude  greater  than  the  second. 
For  the  case  when  the  source  point  and  hologram  point  are  separated,  the  inter¬ 
pretation  is  no  longer  simple,  but  the  relative  importance  of  the  second  term  to 
that  of  the  first  remains  unchanged.  The  only  case  in  which  the  second  term 
does  become  significant  is  for  a  surface  movement  nearly  tangential  to  the  constant- 
phase  ellipsoid.  Therefore,  it  can  be  stated  that  the  phase  change  is: 

$2  ~  $1  =  2irAm  =  k[Ar*(r  +  rQ)]  C5a) 

or 

Am  ~[2  Ar  cos  (y/2)  cos  a]/X  (5b] 

where  a  is  the  angle  between  the  displacement  vector  and  the  surface  normal  of 
the  constant  phase  ellipsoid.  This  is  consistent  with  intuitive  reasoning  in 
that  a  component  of  displacement  normal  to  the  constant  phase  ellipsoid  must 
contribute  more  to  the  phase  change  than  a  component  of  displacement  tangential 
to  this  surface:  the  tangential  component  lies  almost  on  the  surface  of  the 
ellipsoid  and  as  such  the  phase  change  is  approximately  zero. 

Although  Eq.  5  is  simple  in  form,  there  are  many  difficulties  involved  with 
making  actual  displacement  measurements.  The  first  and  primary  task  is  to 
establish  from  the  interferometric  fringe  data  the  phase  change  4*2  The 

determination  can  be  made  relatively  easy  if  there  is  a  no-displacement  reference 
point  in  the  reconstructed  holographic  scene,  as  is  demonstrated  by  Sollid  et  al- 
(Refs.  8,  9,  and  11).  These  techniques  require  two  different  holographic  view¬ 
points  of  the  same  object  scene  for  the  two-dimensional  case  and  three  viewpoints 
for  the  three-dimensional  case.  This  imposes  practical  difficulties  in  making 
the  holograms  with  a  pulsed  laser  system. 

If  the  no-displacement  point  does  not  exist,  then  the  technique  of  Haines 
and  Hildebrand  (Ref.  7)  or  Alexandrov  and  Bonch-Bruevich  (Ref.  10)  could  be  used. 

A  third  alternative  is  to  observe  the  fringe  formation  using  real-time  holographic 
interferometry  and  count  the  fringes  passing  through  the  surface  point.  This, 
however,  is  impossible  when  employing  a  pulsed  laser  system. 


In  the  following  section,  a  method  will  be  derived  using  Eq.  5  which  will 
eliminate  the  above  difficulties  and  at  the  same  time  improve  the  data  reduction 
procedure  necessaxy  tc  obtain  strain  data  from  the  displacement  field. 

Conversion  of  Holographic  Data  to  In-Plane  Strain  Data 

Since  one  main  program  goal  is  to  use  the  holographic  interferometric  data 
to  determine  in-plane  strain  on  the  surface  of  large  aircraft  or  aircraft 
structures,  certain  assumptions  relative  to  the  surface  displacement  have  been 
made.  The  basic  assumption  is  that,  vhen  a  stressing  force  is  applied  to  the 
structure,  one  result  will  be  an  out-of-plane  displacement  (bend)  and  that 
this  out-of-plane  displacement  will  be  at  least  twice  as  large  as  any  of  the 
tangential  components.  This  is  a  reasonable  assumption  in  view  of  the  fact  that 
most  of  any  aircraft  is  hollow  thin-walled  structure.  Thus,  commonly  used 
simulated  loading  conditions  impose  large  bending  components.  If  this  basic 
assumption  is  met,  then  there  will  be  no  more  than  a  ten  percent  error  introduced 
if  it  is  further  assumed  that  the  entire  displacement  is  perpendicular  to  the 
surface.  This  assumption  is  made  so  that  a  value  for  the  angle  a  can  be  obtained. 
It  was  demonstrated  earlier  that  holography  is  insensitive  to  the  component 
perpendicular  to  the  line  of  sight  and  therefore  will  see  the  surface  displace¬ 
ment  as  being  just  that  of  the  component  parallel  to  the  line  of  sight  if  only 
one  hologram  view  is  recorded.  Such  an  assumption,  therefore,  eliminates  the 
need  for  recording  two  more  views  of  the  same  scene.  If  the  out-of-plane  displace¬ 
ment  is  at  least  twice  the  in-plane  displacement  and  its  displacement  direction 
is  known,  tne  true  value  for  a  may  be  used  thereby  reducing  the  error.  (These 
above  assumptions  are  also  consistent  with  the  classical  small-deflection  theory 
of  plates  developed  by  Lagrange,  Ref.  15). 

The  determination  of  displacement  data  from  Eq.  5  will  be  further  simplified 
if  the  illumination  source  is  placed  near  the  holographic  recording  plane  (p  =  0). 
This  requirement  in  no  way  hinders  the  flexibility  or  ease  of  recording  the 
holograms;,  and  is  somewhat  desirable  in  that  it  eliminates  shadows  on  the  surface 
which  could  obscure  points  of  interest. 

Using  the  above  assumptions,  Eq.  5a  can  be  written: 

Am  =  2(Ar*r)A  • 

The  displacement  vector,  Ar,  can  be  expressed  as: 


Ar  ~  n  AZ(r) 


where  n  is  a  unit  vector  normal  tc  the  object  surface, 
now  be  combined  to  yield: 


Am 


These  two  equations  can 
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Since  the  displacement  AZ  is  in  the  direction  of  the  surface  normal  n, 
the  angle  between  the  source-hologram  direction  r  and  n  is  just  the  previously 
defined  angle  a.  Therefore,  the  abova  equation  becomes: 

PAZ 

An  =  X  cos  a  ♦  (6) 


This  equation  could  now  be  solved  for  the  displacement  magnitude,  AZ,  provided 
the  phase  change  as  measured  by  Am  is  determinable.  Hbvever,  it  is  actually 
the  second  derivative  of  the  absolute  displacement  with  respect  to  the  direction 
of  maximum  surface  change  which  is  the  desired  quantity  for  computing  in-plane 
strain.  (This  is  fortunate  since  the  direct  calculation  of  absolute  displacement 
is  most  difficult.)  Consequently,  to  obtain  the  desired  information  from  the 
fringe  data,  the  second  derivative  is  taken  on  both  sides  of  Eq.  6  with  respect 
to  the  coordinate  axis  of  maximum  surface  change,  (At  first  it  would  seem 
reasonable  to  use  the  Laplacian  operator  which  takes  the  second  derivative  of  a 
function  along  the  direction  of  maximum  change.  For  the  case  where  there  is  no 
rigid  motion  thir  would  indeed  be  applicable.  In  the  presence  of  rigid  motions, 
however,  the  direction  of  maximum  change  may  be  different  from  the  direction  of 
maximum  surface  change . } 

a£(Am!  a  2  cos  „  a2(AZ).  h  »Uz).  9(cps_a)  +  2.AZ  a2  Cc08  o). 

3n2  x  an2  X  3n  3n  x  3n2  (7) 


The  first  term  on  the  right  in  the  above  equation  is  the  desired  quantity,  the 
second  derivative  of  displacement  along  the  direction  of  maximum  surface  change. 

(The  actual  determination  of  this  direction  is  discussed  later  in  this  section.) 

The  remaining  two  terms  relate  to  the  first  derivative  of  displacement  and  to  the 
actual  displacement.  In  order  to  show  that  these  last  two  terms  can  in  general 
be  neglected  if  the  distance  from  the  source-hologram  point,  r,  is  made  large 
enough,  it  is  first  assumed  that  the  object  is  a  flat  structure  with  the 
perpendicular  distance  from  the  source-hologram  point  equal  to  Z.  The  elimination 
of  the  latter  two  terms  will  first  be  made  for  this  special  case  which  can  be 
orientated  in  any  fashion  with  respect  to  the  holographic  film  plane;  it  will  then  be 
extended  to  show  how  these  results  may  be  applied  to  several  planes  at  different 
orientations,  and  structures  having  continuously  curved  surfaces.  It  is  now 
possible  to  write  the  above  expression  in  Cartesian  coordinates  and  take  the 
indicated  derivatives  where  possible: 

32  Am  _  2Z  32  AZ  _  i*  nZ  3(AZ)  2  AZ  2Z 

3n2  rX  3n2  Xr3  3n  X  r3  * 
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If  it  is  now  assured  that  the  rnarlw  viewing  direction  through 
will  he  approximately  ±^5° ,  this  then  sets  the  maximum  values  of  the 
on  the  surface  of  the  plane,  n  »  Z  ■  Inserting  these  values  into 
equation:  2 


the  hologram 
coordinates 
the  above 


32  Am  r  g-  32(AZ)  2  3AZ  2  &  L7.  y 

=  1/2  an2  "  r  3n  r2  I,x  *  (8) 


It  now  only  remains  necessary  to  approximate  the  order  of  magnitude  for  a  typical 
displacement  and  a  first  and  second  derivative  of  displacement.  The  last  term 
in  the  above  equation  will  introduce  an  error  (pseudo-strain]  into  the  observed 
strain  patterns  from  displacement  of  the  object.  This  displacement  can  be  the 
result  of  either  a  stressing  force  or  a  simple  out-of-plane  translation  (a  motion 
in  which  no  stress  is  induced  into  the  structure).  The  displacements  which  are 
normally  measured  with  double-exposure  holographic  interferometry  have  a  magnitude 
of  about  10“**  cm.  The  second  term  will  introduce  a  pseudo-strain  by  virtue  of  a 
change  in  the  displacement.  This  again  can  be  a  result  of  a  stressing  force  or 
an  out-of-plane  rotation  (rotation  about  an  axis  parallel  to  the  surface).  If 
the  total  displacement  measured  is  about  10"**  cm  then  a  typical  change  in  displace¬ 
ment  would  be  of  magnitude  10~5  cm/ cm.  The  first  term  is  the  strain  term  and  can 
only  be  the  result  of  a  stressing  force  applied  to  the  structure  (no  other  rigid 
motion  of  the  object  will  result  in  a  value  for  the  second  derivative  of  displace¬ 
ment).  The  values  for  typical  strain  measurements  made  using  holographic  inter¬ 
ferometry  are  on  the  order  of  microstrain  (Ref.  1 6]  or  values  for  the  second 
derivative  of  10”^  cm/cm2.  If  r  is  at  least  a  meter,  then  it  can  be  seen  that 
the  magnitude  of  the  first  term  in  £q.  8  is  10  times  that  of  the  second  and  one 
hundred  times  that  of  the  third.  The  distance  requirement,  r  >  1  meter,  imposes 
no  special  complications  on  the  actual  experimental  setup  because  when  analyzing 
large  structures,  the  distance  from  the  source-hologram  point  to  the  object  is 
expected  to  be  on  the  order  of  several  meters. 

There  is  one  additional  case  which  may  introduce  a  pseudo-strain  in  the 
observed  strain  field  and  that  is  the  case  of  a  rigid  rotation  about  an  axis 
perpendicular  to  the  object.  In  this  case,  however,  the  displacements  are  all 
tangential  to  the  line  of  sight  and  therefore  have  a  negligible  effect  because  of 
the  relative  insensitivity  of  holography  for  recording  this  motion  compared  to 
motion  along  the  line  of  sight. 

It  now  can  be  stated  that  for  a  flat  specimen  where  the  holographic  recordings 
are  made  at  least  a  meter  away,  Eq.  7  can  be  written: 


32  Am  _  2Z  3s  AZ 
3n2  Xr  3n2 


(9) 
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This  is  now  in  a  font  where  the  second  derivative  of  displacement  is  directly 
relatable  to  the  change  in  the  fringe  spacing.  The  actual  fringe  order  is  no 
longer  necessary  and  thereby,  the  complicated  data  redaction  procedure  associated 
with  it  is  eliminated. 

Since  Eq.  9  was  derived  for  a  single  plane  of  arbitrary  orientation,  its 
extension  to  several  planes  is  straightforward.  It  only  has  to  be  remembered 
that  the  distance  Z  is  measured  from  the  plane  of  interest  and  when  more  than  one 
plane  is  present  in  the  holographic  reconstruction,  the  value  of  Z  will  be 
different  for  each  plane.  Therefore,  in  order  to  calculate  32  az/3^2  for  the 
various  planes  of  different  orientations  the  factor  r/Z  or  cos  a  (angle  between 
the  surface  normal  and  the  source  hologram  point)  must  be  taken  into  account. 

The  equation  is  also  applicable  to  curved  surfaces  since  an  arbitrary  surface 
can  be  broken  up  into  infinitesimal  plane  surfaces. 

It  now  remains  to  be  shown  how  the  quantity  32(Am)/3n^  can  be  extracted 
from  the  holographic  data.  The  change  in  Am  is  simply  the  reciprocal  of  the 
fringe  spacing  in  the  direction  n  or  3Am/3n  =  1/A  where  A  is  the  distance 
between  any  two  adjacent  fringes  in  the  direction  n.  Therefore,  by  measuring  the 
spacing  between  two  successive  fringes  the  second  derivative  is  obtained: 


Al  + 


or  using  Eqs.  2  and  9: 


-sCX 


£max  -c  Xmax  2  cos  a 


A2  _  Ax 


A2Ai(Ag  +  A^l 


(10) 


It  can  be  seen  from  Eq.  2  that  if  the  measurement  of  the  fringe  spacing  is 
made  in  an  arbitrary  direction  other  than  the  maximum  surface  change,  n,  then 
three  quantities  have  to  be  measured,  xx>  Xy>  511(1  Xxy*  In  many  cases  the  measure¬ 
ment  of  these  quantities  is  hampered  by  smRll  curvature  changes  in  one  of  the 
chosen  directions.  (Small  curvature  changes  result  in  large  fringe  spacing  and 
measurements  often  have  to  be  made  at  some  distance  from  the  data  point  of 
interest ,  thus  introducing  errors  into  the  measurement . )  It  therefore  would  be 
desirable  to  make  the  measurement  along  the  direction  of  toaximum  surface  change. 
This  would  not  only  reduce  the  number  of  measured  quantities  to  one,  Xmax>  but 
would  also  increase  the  accuracy  of  the  measurement.  For  the  case  of  straight 
or  nearly  straight  fringes  the  direction  of  maximum  change  is  unique  and  is 
perpendicular  to  the  fringes.  For  the  case  in  which  fringe  curvature  does  exist 


a  few  trial  ejaculations ,  using  the  bracketed  tens  in  Eq.  10,  will  establish 
the  proper  direction.  The  direction  of  maximum  surface  change  is  that  direction 
for  which  this  ten  is  maxima.  This  will  also  be  the  direction  of  maximum 
principal  strain. 

This  result  provides  an  extremely  easy  and  convenient  method  for  determining 
the  second  derivative  of  displacement.  Once  this  value  is  obtained,  multiplica¬ 
tion  by  the  distance  from  the  neutral  axis  to  the  surface  then  yields  the  value 
of  in-plane  strain.  To  obtain  relative  values  of  in-plane  strain  over  the  surface, 
only  the  ten.  in  the  brackets  of  Eq..  10  need  be  calculated,  provided  the  structural 
thickness  remains  fairly  constant.  Further,  location  of  maximum  strain  areas  by 
direct  observation  of  the  reconstructed  hologram  is  now  possible.  These  areas 
are  characterized  sis  being  located  at  the  points  where  the  fringe  spacing  changes 
most  rapidly  in  the  shortest  distance. 

The  equation  is  applicable  to  curved  surfaces  and  therefore  comparison 
between  points  on  such  a  surface  would  have  to  include  the  cos  >.  term.  Alternative 
ly,  it  will  be  noted  that  the  cos  a  factor  changes  very  slowly  for  large  r  (the 
conditions  required  in  order  to  obtain  Eq.  10 ).  Therefore  changes  in  the  surface 
normal  of  up  to  20°  will  not  substantially  effect  the  in-plane  strain  value  (<10Jf) 
Surfaces  which  have  variations  larger  than  these  can  be  divided  up  into  regions 
where  the  variations  are  within  these  limits  and  the  cos  a  factor  computed  for 
each  region  so  that  a  comparison  of  in-plane  strain  values  can  be  made  between 
regions . 

The  one  limiting  case  for  which  Eq.  10  is  not  applicable  is  when  the  angle 
between  the  viewing  direction  and  surface  normal  exceeds  *45°.  It  is  this 
angular  limitation  which  has  allowed  the  elimination  of  the  second  and  third  terms 
of  Eq.  7*  For  relatively  flat  objects  this  would  allow  a  viewing  cone  with  an 
f /number  of  .5  and  would  not  be  a  restriction  for  this  type  of  surface.  However, 
care  must  be  exercised  for  highly  curved  surfaces.  The  surface  curvature  will 
limit  the  viewing  cone  over  which  credible  data  can  be  obtained  from  the  holo¬ 
graphic  interferogram.  The  angular  limitation  does  eliminate,  however,  effects 
caused  by  the  motion  tangential  to  the  surface  of  the  object  since  these  only 
become  substantial  at  viewing  angles  greater  than  80°. 

The  direction  of  principal  strain  for  a  given  surface  point  can  also  be 
determined  from  the  holographic  data.  This  direction  is  the  same  direction  as 
the  maximum  surface  change  (perpendicular  to  the  interferometric  fringes)  if  a 
rotation  of  the  entire  object  has  not  occurred  between  holographic  exposures. 

If  rotation  about  an  in-plane  axis  has  taken  place,  the  result  will  be  a  rotation 
of  the  fringes  and  the  principal  strain  direction  will  not,  in  general,  be  along 
the  direction  perpendicular  to  the  fringes.  (Simple  translations  or  small 
rotation  about  an  axis  normal  to  the  plane  will  not  significantly  effect  the 
orientation  of  the  fringes.)  In  fact,  if  rotation  has  taken  place  in  a  direction 
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other  than  the  direction  of  displacement  which  vas  caused  by  the  stressing  force , 
then  the  fringes  will  become  slightly  curved.  If  not,  only  additional  straight 
fringes  will  be  added  to  the  fringe  field.  In  the  latter  case  (.constantly 
changing  straight  fringes),  the  strain  direction  is  still  perpendicular  to  the 
fringes  and  easily  determined.  For  the  former  case  (slightly  curving  fringes) 
which  might  be  a  result  of  a  rotation  or  a  stressing  force,  the  direction  of 
maximum  strain  will  be  in  the  direction  of  maximum  curvature .  Determination  of 
this  direction  is  found  by  obtaining  the  direction  in  which  the  bracketed  term 
of  Eq.  10  is  maximum.  This  technique  for  finding  the  direction  of  principle 
strain  is  not  difficult  if  large  variations  in  the  fringe  field  exist  (high 
strain  areas),  but  in  areas  where  small  variations  are  present  (low  strain  areas) 
the  direction  of  maximum  strain  can  vary  considerably. 

Future  work  includes  investigation  of  various  Moir£  techniques  for  the 
acquisition  of  the  holographic  strain  data.  One  promising  technique,  reported 
by  Stetson  (Ref.  18),  superimposes  two  identical  fringe  patterns  rotated  180®  with 
respect  to  each  other.  At  the  location  where  superposition  of  an  identical  point 
occurs ,  a  Moir<?  beat  pattern  exists  which  is  a  function  of  the  strain-induced 
fringes.  Additionally,  the  effect  of  rigid  motion  is  not  a  factor  in  the  technique. 
It  is  claimed  that  an  accuracy  of  +20%  is  achieved  with  this  technique. 

In  conclusion,  a  viable  technique  for  reducing  holographic  interferometric 
data  has  been  derived  which  is  applicable  to  both  plane  and  curved  surfaces.  The 
restrictions  which  have  been  placed  on  the  experimental  setup  are  minimal j 
viewing  angles  less  than  ±1*5°  to  the  surface  normal  are  required j  the  object 
illumination  source  should  be  placed  next  to  the  holographic  plate j  and  the 
hologram  to  object  distance  should  be  greater  than  one  meter.  These  in  no  way 
should  affect  the  holographic  recording  of  large  structural  surfaces.  In  addition, 
the  effects  of  simple  object  rotation  and  translation  on  the  strain  field  should 
amount  to  less  than  lOJf  for  the  most  extreme  cases.  The  determination  of  principal 
strain  direction  in  the  presence  of  rigid  rotations  can  also  be  acquired. 

EXPERIMENTAL  INVESTIGATIONS 

Three  experimental  investigations  were  conducted  to  verify  the  analytically 
derived  technique  for  reducing  holographic  data  to  in-plane  strain  data,  and  to 
anticipate  and  resolve  the  problems  expected  in  applying  this  technique  to  large 
aircraft  structures  in  realistic  environments.  The  first  experiment  involved  a 
tip-loaded  cantilevered  beam  from  which  comparisons  were  made  between  theoretical 
and  holographically-derived  values  of  principal  strain.  In  addition,  rigid  body 
motions  were  superimposed  on  the  flexural  motion  of  the  beam,  and  the  holographic 
strain  value  again  was  compared  with  the  theoretical  values .  In  the  second 
experiment  a  relatively  flat  simulated  aircraft  panel  was  stressed  in  such  a  manner 
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that  the  applied  tangential  forces  were  large  compared  to  the  forces  applied 
normal  to  the  surface.  In  this  case  the  holographic  values  of  strain  were 
correlated  with  values  measured  from  strain  gages  located  on  the  panel.  In  the 
third  experiment,  the  role  of  object  curvature  was  explored  by  axially  loading  a 
cylindrical  shell  and  computing  the  resulting  strain  from  the  holographic  fringe 
pattern.  These  data  were  subsequently  compared  with  strain  gage  values. 

Cantilevered  Beam 


Experimental  verification  of  the  analytical  expression  derived  in  the  previous 
section  (Eq.  10)  was  performed  for  the  relatively  simple  case  of  a  cantilevered 
bean.  By  using  the  cantilevered  beam,  the  strain  values  could  be  calculated 
theoretically  (Ref.  17)  and  a  direct  comparison  then  made  with  the  absolute  values 
of  strain  obtained  holographically.  (The  use  of  theoretical  values  avoids  the 
problem  of  matching  the  sensitivity  of  holographically  derived  strain  with 
mechanical  strain  gages.)  Additionally,  tests  were  performed  with  the  cantilevered 
beam  to  determine  whether  rigid  body  motions  (motions  of  the  object  which  intror- 
duced  no  strain)  had  an  effect  on  the  holographically  derived  strain  data. 

The  experiments  were  conducted  on  a  rectangular  steel  plate  having  the 
dimensions:  15*75  cm  (length)  x  5.08  cm  (width)  x  .hj6  cm  thickness.  The  plate 
was  clamped  at  one  end  and  loaded  at  the  other  in  a  direction  perpendicular  to 
its  surface  using  a  weight  of  103  gf .  The  displacement  caused  by  the  stressing 
force  was  recorded  using  double  exposure  holographic  interferometry.  This  type 
of  displacement  was  also  recorded  in  combination  with  a  rigid  rotation  about  the 
long  axis  of  the  pla+e  and  a  rigid  tilting  about  an  axis  parallel  to  the  width  of 
the  plate  at  the  base  of  the  clamp.  All  motions  were  first  observed  by  means  of 
real-time  holographic  interferometry,  and  then  conventional  double-exposure 
holograms  were  recorded.  In  this  way,  the  magnitude  and  direction  of  the  rigid  body 
motion  (as  well  as  the  flexure)  was  controlled.  Photographs  of  the  holographic 
reconstructions  obtained  of  these  motions  separately  and  in  combination  are 
presented  in  Fig.  27. 

Figures  27a,  b  and  c  present  holographic  reconstructions  obtained  when  the 
beam  was  placed  in  flexure  (stressing  force  only  applied),  tilt  (rigid  rotational 
motion  only)  and  flexure  plus  tilt  (combination  of  an  applied  stress  and  a  rigid 
body  rotation).  The  results  cle^irly  show  that  by  applying  this  combination  of 
motions  to  the  beam,  the  effect  is  to  increase  the  fringe  density.  Orientation 
of  the  fringes  is  not  effected  and  therefore  the  direction  of  principal  strain  is 
perpendicular  to  the  fringes,  the  expected  direction.  Figures  27d,  e  and  f  are 
photographs  of  reconstructions  of  the  beam  placed  in  flexure,  rotation  (rigid 
rotational  motion  only),  and  flexure  plus  rotation.  The  reconstruction  (Fig.  27f) 
of  the  latter  type  of  motion  showed  a  strong  turning  of  the  fringe  field  in  the 
direction  parallel  to  the  long  axis  of  the  beam,  and  a  much  greater  fringe  density 
next  to  the  clamped  end  of  the  centilevered  beam.  By  making  a  few  simple 
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RECONSTRUCTIONS  OF  CANTILEVERED  BEAM 


(a)  FLEXURE  (b)  TILT  (c)  FLEXURE 

&  TILT 


M)  FLEXURE  (e)  ROTATION  (f)  FLEXURE 

&  ROTATION 


FIGURE  27.  EFFECT  RIGID  BODY  MOTION  ON  HOLOGRAPHIC  STRAIN  MEASUREMENTS 
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calculations  it  can  tie  shown  that  the  principal  strain  direction  has  not  changed 
due  to  the  induced  rigid  rotation. 

Calculations  made  from  these  reconstructions  are  shown  in  Pig.  28.  For  the 
case  of  a  pure  applied  stress  (flexure),  the  absolute  values  of  maximum  strain 
obtained  from  the  holographic  data  and  the  values  obtained  theoretically  are 
presented  in  Fig.  28.  The  absolute  values  of  maximum  strain  obtained  from  the 
holographic  fringe  data  agree  to  within  10J(  of  the  theoretically  calculated 
strain  down  to  the  3  ye  level.  Below  this  level  (not  shown  in  the  figure) 
deviation  increases  due  to  inaccuracies  in  the  data  readout. 

In  agreement  with  the  theoretical  results  obtained  in  the  last  section.  Fig. 

28b  demonstrates  that  a  rigid  rotation  of  the  plate  about  the  axis  parallel  to 
its  width  (tilt)  had  negligible  effect  on  the  measured  strain  values.  This  held 
true  in  spite  of  the  increase  in  the  number  of  interferometric  fringes  on  the  plate. 
This  latter  result  may  provide  a  way  of  improving  the  holographic  calculation  of 
strain  in  areas  of  low  fringe  density,  since  in  these  areas,  it  would  no  longer 
be  necessary  to  average  the  data  over  large  distances.  For  example,  the  cantilever*, 
ed  beam  has  a  maximum  strain  near  the  clamped  end,  which  is  also  the  region  of 
minimum  fringe  density;  by  introducing  rigid  motion  to  the  beam,  the  fringe 
density  is  increased  and  therefore  data  averaging  will  be  minimized,  which 
increases  the  accuracy. 

The  data  from  the  double  exposure  hologram  made  of  the  cantilevered  beam 
which  had  undergone  flexure  plus  a  rigid  rotation  about  an  axis  parallel  to  the 
long  axis  of  the  beam  is  presented  in  Fig.  28c.  The  data  demonstrates  that 
absolute  values  of  strain  are  again  within  10Jf  of  the  theoretically  calculated 
strain  distribution  along  the  beam  down  to  the  3  ye  level. 

The  close  agreement  between  the  holographic  and  theoretical  values  of 
maximum  strain  for  the  case  of  the  cantilevered  beam  confirms  the  validity  cf 
the  local  data  analysis  of  holographic-interferometric  fringe  fields.  Further, 
these  experiments  verify  that  at  least  for  this  simple  case,  pseudo-strain  errors 
introduced  by  rigid  body  motions,  rotation  about  in-plane  axes,  are  negligible. 

Simulated  Airframe  Panel 


In  an  effort  to  simulate,  in  the  laboratory,  the  more  complex  forces  and 
geometries  associated  with  large  aircraft  components,  a  loading  frame  was 
fabricated  in  order  to  place  combinations  of  bending,  torsional  and  tensile 
forces  on  a  2'  x  2'  test  panel.  The  test  panel,  which  simulates  an  airframe 
skin  structure,  consisted  of  an  aluminum  sheet,  50  mils  thick,  with  two,  2*  lengths 
of  steel  reinforcement  ribs  (one  located  at  the  middle  of  the  panel  and  the  other 
at  the  top)  affixed  to  the  back  of  the  panel  with  bolts  placed  at  2W  intervals. 

Two  photographs  are  presented  in  Fig.  29  showing  both  a  front  and  back  view  of  the 
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HOUR*  28.  EFFECT  OF  RIGID  BODY  MOTION  ON  HOLOGRAPHIC  STRAIN  MEASUREMENTS 


test  panel  positioned  in  the  loading  frame.  As  seen  in  the  figure,  the  panel 
was  clamped  along  its  bottom  edge,  and  its  upper  edge  was  fastened  to  a  loading 
frame  by  three  bolts  which  were  attached  to  the  upper  reinforcement  rib.  A  load 
cell,  U3ed  to  monitor  the  stresses  applied  to  the  panel,  was  attached  between  the 
panel  and  the  frame  on  the  center  bolt.  The  bolts  were  used  to  produce  a  compli¬ 
cated  stress  field  in  the  panel  which  was  subsequently  analyzed  with  both 
holography  and  strain  gages.  Pictured  in  addition  to  the  panel  and  frame  is  the 
equipment  used  to  monitor  the  strain  gages  shown  cemented  on  the  front  side  of  the 
panel. 

The  holographic  setup  pictured  in  Fig.  30  was  used  to  obtain  the  holographic 
interferometric  data  on  the  panel.  As  shown,  the  panel  and  stressing  frame  are 
at  the  far  left,  one  end  of  the  holographic  table;  the  object  illumination  source 
is  next  to  the  holographic  plate  holder  and  both  are  located  a  distance  of  165 
cm  (r)  from  the  front  of  the  panel;  the  expanding  and  beam  steering  optics  for  the 
reference  beam  are  located  on  the  left  side  of  the  panel;  and  the  laser  beam 
(50  m v  He-He  cw  laser)  enters  from  the  extreme  right.  The  laser  beam  is  split 
into  two  beams  by  the  beamsplitter  located  near  the  holographic  plate  holder; 
one  beam  illuminates  the  object,  and  the  other  serves  as  the  reference. 

Locating  the  strain  gages  on  the  test  panel  was  done  by  Baking  preliminary, 
double-exposure  holograms  of  the  test  panel  under  stress.  Using  the  results 
of  these  tests,  fifteen  strategic  locations  (positions  of  changing  fringe 
density)  on  the  surface  of  the  panel  were  selected,  and  overlapping,  rectangular 
rosette  strain  gages  (1/8"  in  length)  were  cemented  to  the  panel  at  each  position. 
A  close-up  view  of  the  panel  showing  the  gage  location  is  presented  in  Fig.  31. 
Also  pictured  in  the  figure  is  a  photograph  of  a  reconstruction  made  from  a 
double  exposure  hologram  of  the  panel  after  the  gages  were  mounted.  This  latter 
photograph  shows  that  the  gages  are  located  both  in  suspected  high  strain  areas, 
positions  of  rapidly  changing  fringe  separation,  and  in  suspected  low  strain  areas, 
positions  of  nearly  constant  fringe  separations. 

In  the  course  of  making  the  preliminary  double-exposure  holographic  inter- 
ferograes,  it  was  found  that  such  a  structure,  consisting  of  relatively  large 
unsupported  spans,  tends  to  vibrate  due  to  environmental  influences  (air  currents, 
acoustic  pickup,  etc.)  even  though  the  tests  were  conducted  on  a  vibration 
isolation  table.  Effects  of  this  type  are  observed  in  the  reconstruction.  Fig.  31, 
as  a  darkening  near  the  upper  righthand  comer  of  the  reconstructed  image.  The 
significance  of  this  result  lies  in  the  fact  that  when  actual  tests  are  conducted 
on  full  scale  pieces,  and  the  loading  constraints  necessitate  a  relatively  long 
delay  between  recording  pulses  (e.g.  under  static  incremental  loading),  environ¬ 
mental  vibrations  can  introduce  an  error  into  the  holographically  observed  strain 
patterns  since  they  mar  be  of  tht  same  order  of  magnitude  as  the  incremental 
strain  which  is  being  measured.  Total  movement  of  the  part  (translation  cr 
rotation)  will  not  influence  these  readings  because  this  type  of  motion  does  not 
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EXPERIMENTAL  TEST  SET  UP 

FIGURE  30.  MAXIMUM  STRAIN  AND  STRAIN  PATTERNS 


CLOSE-UP  OF  TEST  PANEL 


TYPICAL  DOUB:.£ -EXPOSURE  INTEPFEROGRAM 


FIGURE  3i-  MAXIMUM  STRAIN  AND  STRAIN  PATTERNS 


introduce  a  change  between  adjacent  fringes.  However,  the  vibratory  motion  does 
introduce  a  significant  change;  therefore,  it  must  be  taken  into  account  if  it  is 
of  substantial  amplitude  compared  to  the  displacement  which  results  from  the 
incremental  stress  load.  The  amplitude  of  these  vibrations  and  thus  the  expected 
error  can  be  estimated  before  the  actual  tests  are  made  by  recording  preliminary 
double-exposure,  pulsed  holograms;  these  holograms  being  made  without  applying  a 
stressing  force  between  exposures.  Another  method  for  eliminating  this  effect 
may  be  to  record  large  stress-induced  displacement  increments,  as  is  done  with 
Moirg  holographic  techniques  for  obtaining  surface  deformation. 

a.  Experimental  Procedure  for  Obtaining  Holographic  Strain  Data 

The  procedure  used  for  obtaining  the  experimental  data  was  first  to  place  a 
complicated  stress  field  in  the  panel.  This  was  accomplished  by  tightening  the 
center  bolt  which  attaches  the  panel  to  the  top  of  the  loading  frame  so  that  a 
total  of  100  lie,  as  read  by  the  load  cell,  was  obtained.  The  two  outside  bolts 
were  then  hand  tightened  so  that  they  applied  a  slight  force  in  a  direction 
opposite  to  that  of  the  center  bolt.  The  center  bolt  was  then  tightened  f-irther 
until  a  total  of  800  ye  was  obtained. 

At  this  point  the  first  holographic  exposure  was  made.  The  stress  load  on 
the  panel  was  then  reduced  by  a  factor  of  10  ye,  and  the  second  exposure  made. 

The  applied  stress  was  then  changed  over  a  large  increment  (.500  ye}  and  a  second 
double-exposure  hologram  made  at  this  lower  stress  level  with  a  10  ye  increment 
between  holographic  exposures.  The  differential  strain  gage  readings  were  taken 
at  the  two  extreme  points  of  the  applied  stress. 

This  procedure  of  making  the  holographic  exposures  over  a  relatively  small 
increment  of  the  total  induced  strain  recorded  by  the  gages  was  adopted  for  two 
reasons.  First,  it  was  done  to  overcome  the  relatively  low  sensitivity  of  the 
strain  gages  as  compared  to  the  extreme  sensitivity  of  interferometric  holography, 
(it  permitted  strain  levels  high  enough  to  be  recorded  by  the  gages  and  still 
allowed  double-exposure  holograms  to  be  made  which  indicated  relative  strain 
levels  between  gages.)  Secondly,  performing  the  experiment  in  this  manner  will 
closely  simulate  the  technique  which  will  be  used  when  conducting  tests  on  an 
actual  aircraft  structure,  thus  gaining  insight  into  potential  problems  which 
may  arise  during  such  tests. 

However,  it  is  necessary  in  applying  this  technique  to  try  to  ensure  that 
the  small  strain  increment,  over  which  the  hologram  is  recorded,  is  accurately 
proportional  to  the  total  strain  which  is  recorded  by  the  gages.  Thus,  two 
double-exposure  holograms,  each  depicting  the  effect  of  a  small  incremental  stress, 
were  recorded;  one  before  and  one  after  the  large  stress  recorded  by  the  gages 
was  applied.  Then,  if  both  resulting  holograms  have  the  same  fringe  distribution 
and  slope,  the  strain  can  be  assumed  to  be  a  linear  function  of  the  applied 
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forces,  and  each  hologram  will  he  an  accurate  representation  of  the  much  larger 
incremental  strain  recorded  by  the  gages. 

Presented  in  Pig.  32  are  photographic  reconstructions  obtained  from  the 
holograms  made  in  the  above  fashion .  The  two  holographic  fringe  distributions 
are  similar  in  that  the  distribution  near  the  top  and  middle  of  the  panel  are 
generally  the  same  except  for  the  fringe  density.  Hear  the  base  and  edges  of 
the  panel,  however,  the  fringe  distribution  seems  to  have  shifted  between  the 
initial  and  final  recording.  This  demonstrated  to  a  fair  approximation,  that 
the  flexure  at  each  point  on  the  panel  was  a  linear  function  of  the  applied 
forces  (this  is  particularly  true  of  the  points  near  the  center  of  the  panel). 

Thus  it  is  now  possible  to  obtain  data  from  one  of  the  holograms  for  the  in-plane 
strain  measurements,  which  then  can  be  con^ared  with  the  strain  measurements 
recorded  by  the  gages.  Because  of  the  fashion  in  which  the  data  were  taken,  only 
relative,  not  absolute  values  can  be  compared. 

The  interferometric  data  from  the  initial  double-exposure  hologram  (800  us 
level)  was  sampled  and  reduced  at  the  gage  locations  to  find  the  principal  strain, 
eg  (Eq.  10),  and  principal  strain  angle,  This  was  done  using  a  simple  20X 

lens.  The  data  obtained  from  the  gage  rosettes  were  also  reduced  to  find  the 
principal  strain,  eg,  and  principal  strain  angle,  fy,.  In  the  course  of  these 
measurements,  the  mean  and  standard  deviation  of  the  gage  reading  at  gage 
position  16  (the  gage  positions  are  presented  in  Fig.  31 )  was  calculated  from 
seven  separate  measurements  and  found  to  be  170.8  ye  and  5<6U  ye  respectively. 

b .  Correlation  Studies 


In  order  no  make  a  relative  comparison  of  the  two  sets  of  strain  data,  the 
holographically  obtained  values  were  adjusted  so  that  the  mean  value  of  the 
ratios  between  gage  and  holographic  data  was  unity.  The  results  are  presented 
in  Table  I  and  are  listed  in  descending  strain  magnitude  as  determined  by  the  gage 
readings.  In  addition,  the  calculated  ratios  between  the  holographic  and  gage 
values  appear  on  the  far  right  of  the  table.  As  can  be  seen  in  the  'cable ,  the 
two  sets  of  values  are  in  general  agreement,  particularly  at  the  higher  strain 
levels. 
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TABLE  I 


Comparison  of  Strain  Gage  and 
Holographic  Interferometry  Measurements 
(Simulated  Aircraft  Panel) 


Gage 

Position 

Strain  Gage  Measurements 

Holographic-Interferometry 

Measurements 

Ratio 

Principal 

Principal 

— 

Principal 

- - 

Principal 

Strain 

Strain  Angle 

Strain 

Strain  Angle 

| eq! (pe) 

4ftC°) 

|eH|(ye) 

♦hC-1 

16 

170.8 

89.1 

101.9 

80 

,60 

2 

11*2.0 

91.3 

126.2 

92 

.89 

15 

104.9 

101.0 

49.0 

120 

.47 

4 

58.0 

104.6 

22.3 

90 

.38 

6 

44.3 

86.2 

42.7 

80 

.96 

8 

28.2 

107.5 

34.0 

110 

1.20 

11 

18.0 

92.2 

21.8 

50 

1,21 

10 

16.3 

51.1 

17.0 

115 

1.04 

13 

14.6 

64.1 

22.3 

12 

1.53 

1 

14.5 

67-5 

29.1 

40 

2.01 

l4 

14.2 

123.1 

7.3 

120 

.51 

9 

12.8 

106.8 

l4.6 

l4o 

1.14 

5 

10.8 

67.5 

10.2 

140 

.94 

7 

10.1 

50.7 

11.2 

6o 

1.11 

The  correlation  between  the  gage  and  holographic  data  is  in  fair  agreement 
and,  with  few  exceptions,  the  order  of  descending  strain  values  is  preserved.  It 
should  be  noted  that  the  holographic  data  obtained  at  position  6  is  now  in  good 
agreement  with  the  gage  values.  Previously  there  was  considerable  disagreement. 

(This  was  reported  on  in  the  First  Interim  Technical  Report.)  This  error  was  a 
direct  result  of  taking  the  fringe  data  perpendicular  to  the  fringes,  but  because 
of  the  fringe  curvature,  this  direction  was  not  the  maximum  curvature  direction. 

The  actual  determination  of  the  maximum  surface  curvature  showed  that  the  data 
should  have  been  taken  almost  tangent  to  the  fringes.  Included  in  Fig.  32  is  a 
plot  which  shows  the  surface  curvature  as  a  function  of  angle.  From  this  plot 
it  can  be  clearly  seen  that  the  maximum  surface  curvature  is  80°  from  the  horizontal. 
It  should  also  be  noted  that  the  minimum  surface  curvature  is  at  right  angles  to 
this  direction,  as  would  be  expected  from  strain  considerations.  (This  plot  of 
curvature  parallels  tnat  obtained  when  a  strain  analysis  is  performed.)  Actually , 
for  the  case  of  gage  6  the  minimum  curvature-  is  opposite  in  sign.  (The  curve 
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passes  through  zero  at  30°  and  again  at  130®.)  If  they  were  of  the  same  sign  the 
second  lobe  would  not  exist  at  right  angles  to  the  maximum.  A  minimum  or  zero 
would  exist  at  this  point.  Hie  standard  deviation  determined  from  the  above  data 
was  calculated  to  be  O.M.  This  was  an  improvement  over  the  value  found  previously 
(0.6l)  when  all  of  the  data  was  taken  perpendicular  to  the  fringes. 

Differences  between  the  two  sets  of  strain  values  are  expected  because  of 
the  manner  in  which  the  experiment  was  conducted  (holographically  recording  only 
a  small  increment  of  total  strain).  The  total  deflection  field  is  expected  to  be 
a  linear  function  of  the  forces,  provided  the  forces  act  normally  to  the  surface 
of  the  structure.  However,  if  tangential  forces  exist,  the  deflection  may  no 
longer  be  a  linear  function  of  the  forces  (Ref.  17).  In  the  case  of  the  simulated 
aircraft  panel,  there  is  a  substantial  tangential  force  because  of  the  manner  in 
which  the  panel  is  loaded  and  therefore  the  linearity  may  be  affected. 

In  order  to  as certain  the  degree  of  linearity  between  different  increments 
of  the  larger  total  strain,  successive  holograms  were  made  over  the  entire  incre*. 
ment.  Representative  results  are  presented  in  Pig.  33.  These  holograms  were 
made  at  20  ye  intervals  in  order  to  cover  the  entire  increment  with  a  reasonable 
number  of  holograms  and,  for  this  reason,  the  fringe  density  in  many  cases  is 
quite  large.  However,  it  can  be  seen  that  there  are  larger  variations  in  the 
fringe  pattern  near  the  edges  of  the  panel  as  compared  with  the  center  of  the 
panel.  The  variations  in  the  fringe  pattern  are  a  result  of  slightly  different 
stress  conditions  from  hologram  to  hologram;  this  would  cause  the  strain  values 
determined  from  these  holograms  to  vary  markedly  in  these  regions  (non-linear) 
while  little  change  would  be  observed  from  the  gage  readings  because  of  their 
relatively  poor  sensitivity. 

An  additional  source  of  error,  and  probably  more  serious,  is  that  which 
results  from  measurement  inaccuracies  in  determining  fringe  positions.  Since  these 
data  are  used  to  compute  the  second  derivative  of  fringe  spacing,  the  error  in 
the  in-plane  strain  calculation  is  a  strong  function  of  the  rate  of  change  of  the 
fringe  spacing  or  strain  level  being  measured.  For  example ,  if  a  one  percent 
error  is  made  in  data  acquisition  at  the  100  ye  level,  then  an  error  of  approx¬ 
imately  5%  would  be  made  in  the  strain  calculation.  However,  if  this  same 
percent  error  is  made  at  the  10  ye  level,  then  an  error  of  50%  would  be  made 
in  the  strain  calculation.  This  latter  source  of  error  is  the  probable  cause  for 
the  erratic  behavior  of  the  data  below  50  ue.  (This  source  of  error  is  not  a 
peculiarity  of  this  technique,  but  is  an  inherent  error  associated  with  determin¬ 
ing  the  second  derivative  and  as  such  will  always  be  present  when  determining  in¬ 
plane  strain  data  from  out-of-plane  displacement  data.) 

In  an  effort  to  limit  the  error  due  to  measurement  inaccuracies  as  much  as 
possible,  a  data  smoothing  procedure  was  adopted.  The  procedure  entailed  plotting 
the  fringe  spacing  between  several  fringes  located  symmetrically  about  the  point 
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of  interest.  A  best  fit  curve  was  then  applied  and  the  data  used  in  the  final 
calculations  taken  from  the  curve. 

The  principal  strain  direction  was  found  according  to  the  procedure  outlined 
in  the  section  on  Conversion  of  Holographic  Data  to  In-Plane  Strain  Data. 

Results  presented  in  Table  I  show  good  correlation  between  the  gage  and  holographic 
values  even  down  at  the  low  micro  strain  levels. 

In  conclusion,  the  strain  data  obtained  from  a  double-exposure  hologram  made 
of  the  test  panel  was  in  fair  agreement  with  the  data  obtained  from  strain  gages. 
Determination  of  the  principal  strain  axis  was  also  in  good  agreement.  The 
experimental  test  did  bring  to  light  that  if  the  holographic  data  is  only  taken 
over  a  small  increment  of  the  total  strain  of  interest,  then  assurances  have  to 
be  made  that  the  smaller  increment  is  an  accurate  representation  of  the  larger. 

This  can  be  accomplished  by  making  several  holograms  over  the  total  increment 
to  determine  the  strain  linearity.  It  should  be  noted  that  many  of  the  problems 
encountered  with  these  experimental  tests  were  related  to  attempts  at  making  a 
comparison  between  strain  gage  and  holographic  data  and  would  not  be  a  considera¬ 
tion  otherwise.  Indeed,  this  reinforces  the  potential  advantages  of  developing 
a  holographic  strain  visualization  system. 

Cylinder 

In  an  effort  to  determine  the  effect  that  object  curvature  has  upon  the 
holographic  determination  of  in-plane  strain,  a  thin-walled  steel  cylindrical 
shell  was  experimentally  evaluated.  The  cylinder,  40  cm  high  by  30  cm  in  diameter, 
had  a  wall  thickness  of  0.1  cm  and  was  closed  off  at  each  end  by  thin  steel 
panels.  The  cylindrical  object  was  chosen  because  it  approximates  the  structure 
of  some  typical  aircraft  components;  the  wall  thickness  of  the  cylinder  could  be 
chosen  so  that  the  ratio  of  in-plane  to  out-of-plane  displacement  is  such  that 
it  is  possible  to  better  match  the  sensitivity  of  strain  gages  to  that  of  holo¬ 
graphic  interferometry;  and  it  allows  testing  of  the  more  general  theory  for 
obtaining  in-plane  strain  from  holographic  data  with  a  minimum  of  complication 
added  to  the  data  reduction  procedures. 

In  order  to  introduce  high  local  strains  in  this  cylindrical  structure, 
various  shapes  were  cut  out  of  its  surface;  squares,  circles,  and  slits  cut  at 
various  angles  to  the  axis  of  the  cylinder.  The  introduction  of  non-uniformities 
in  the  strain  field  made  it  possible  to  compare  the  relative  values  between  the 
various  gages  to  the  values  obtained  holographically.  Preliminary  double¬ 
exposure  holograms  were  made  of  the  cylinder  before  and  after  it  was  loaded 
uniformly  with  a  force  of  100  Kgf  along  the  symmetry  axis.  From  the  resulting 
reconstructions,  suitable  locations  for  nine  rectangular  rosette  strain  gages  were 
determined. 
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It  vas  found,  however,  after  the  strain  gages  vere  cemented  in  place,  that 
forces  in  excess  of  400  Kgf  applied  along  the  symmetry  axis  of  the  cylinder  were 
required  before  any  of  the  strain  gage  readings  were  sufficiently  large  to  be 
considered  reproducible.  In  order  to  increase  the  surface  strain  (for  reproducible 
gage  readings),  an  eccentric  load  parallel  to  the  symmetry  axis  was  applied  in 
place  of  the  axial  load  first  tried. 

For  the  purpose  of  obtaining  strain  gage  readings,  a  force  of  60  Kgf  over 
half  of  the  cylinder  end  wall  was  applied j  and  for  the  holographic  interferograms , 
25Jt  full  load  vas  applied  for  the  first  exposure  and  zero  load  for  the  other. 

The  strain  field  was  thus  sampled  in  the  same  manner  as  the  strain  field  in  the 
simulated  airframe  test  panel.  In  the  case  of  the  panel,  however,  a  much 
smaller  increment,  2%  of  full  load,  was  sampled. 

A  photograph  of  the  resulting  interferogram  from  a  typical  test  is  presented 
in  Fig.  34.  Also  shown  are  the  positions  of  the  nine  strain  gages  which  are  both 
near  and  distant  from  the  surface  cutouts .  Using  measured  values  for  the  angle 
between  the  surface  normal  and  the  line  of  sight,  o,  and  the  values  for  the  fringe 
spacing  obtained  from  this  holographic  interferogram,  the  principal  strain,  eg 
(Eq.  10 )  was  calculated.  Also,  the  principal  strain  direction,  $h,  was  found 
from  this  interferogram.  The  data  obtained  from  the  gage  rosettes  vere  reduced 
to  find  the  principal  strain,  eg,  and  principal  strain  angle,  <|>(j.  As  in  the  case 
of  the  simulated  airframe  panel  the  two  a?ts  of  data  vere  then  adjusted  so  that 
the  mean  value  of  the  ratios  between  gage  end  holographic  data  was  unity.  The 
relative  strain  values  along  with  the  angle  o  (angle  describing  surface  curvature 
effects),  are  presented  in  Table  II  and  are  listed  in  descending  strain  magnitude 
as  determined  by  the  gage  readings.  In  addition,  the  ratios  between  the  holo¬ 
graphic  and  gage  values  are  presented  on  the  far  right  of  the  table. 

As  can  be  seen  in  Table  II,  the  holographic  strain  values  were  calculated 
at  angular  positions  (a)  from  5°  up  to  50°.  The  resulting  values  are  in  good 
agreement  with  those  obtained  from  the  gages  even  at  the  lower  strain  levels  and 
at  angles  slightly  greater  than  45°  (the  maximum  viewing  angle  established  by 
theoretical  considerations).  The  mean  value  of  the  ratio  data  is  of  course  1, 
and  the  standard  deviation  is  .49.  (This  is  approximately  the  same  standard 
deviation  found  for  the  simulated  aircraft  panel. )  Comparing  this  with  reduced 
data  that  were  obtained  without  accounting  for  surface  curvature  change,  the 
standard  deviation  vas  .56.  Thus ,  the  corrected  data  shows  an  improvement  over 
the  data  which  is  obtained  without  regard  to  viewing  direction  and  surface 
curvature . 


TABLE  II 


Comparison  of  Strain  Gage  and 
Holographic  Interferometry  Measurements 
(Cylinder} 


Gage 

Position 

Strain  Gage 

Ksasurements 

Holographic-Interferometry 

Measurements 

Ratio 

eG/eH 

Principal 

Strain 

leolCwe) 

Principal 
Strain  Angle 

♦g(°) 

Surface 

Angle 

«(°) 

Principal 

Strain 

IehKve) 

Principal 
Strain  Angle 

♦h(°) 

1* 

46.0 

91.1* 

1*8 

54.6 

0 

1.19 

1 

35-1* 

83.6 

31* 

38.0 

120 

1.07 

7 

27.0 

77.0 

5 

27.1 

1*0 

1.01 

5 

22.6 

115.1 

1*5 

9.6 

no 

.1*3 

8 

22.1 

93.6 

1+3 

21.0 

1*0 

.95 

2 

21.5 

10 

3.9 

80 

.18 

6 

19.2 

50 

18.7 

6o 

•97 

3 

16.0 

38 

19.7 

170 

1.23 

9 

9.2 

25 

17.8 

1*0 

1.93 

The  correlation  between  the  principal  strain  angle  determined  from  the 
holographic  interferogram  and  the  value  obtained  from  the  strain  gages  is  not  in 
very  good  agreement.  The  points  of  large  disagreement  occur  in  both  the  high  and 
low  strained  areas. 

Thus,  it  has  been  demonstrated  that  in-plane  strain  can  be  determined  for 
curved  surfaces,  provided  that  consideration  of  the  angle  between  the  viewing 
direction  and  surface  normal  are  taken  into  account.  Although  an  absolute  one-to- 
one  correlation  is  not  obtained  in  these  experiments  (nor  were  they  for  the 
experiments  involving  the  simulated  aircraft  panel),  the  general  trend  of  the  in¬ 
plane  strain  values  is  established. 

It  should  further  be  noted  that  in  experiments  involving  both  the  cylinder 
and  simulated  aircraft  panel,  the  stress  loads  were  applied  so  that  relatively 
large  components  of  the  force  were  tangential  to  the  surface.  This  was  purposely 
done  to  evaluate  the  effect  of  such  forces  on  holographically  obtained  strain  data. 
The  results  indicate  that  the  application  of  such  forces  do  not  seem  to  signifi¬ 
cantly  affect  the  relative  values  obtained  from  the  holograms. 
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SECTION  VI 


SPECIFIC  PROBLEM  INVESTIGATIONS 
NDT  OF  COMPOSITE  COMPRESSOR  BLADES 


INTRODUCTION 


One  of  the  major  areas  of  study*  under  the  Contract  Is  a  laboratory  Investiga¬ 
tion  of  various  holographic  nondestructive  testing  (HNDT)  procedures  as  applied 
to  composite  compressor  blades ,  cooling  passage  alignment  and  weak  adhesive 
interface  bonds.  In  accordance  with  the  program  schedule',  as  presented 
previously  (Fig.  2),  the  first  year's  work  in  this  area  was  concerned  with 
composite  compressor  blades.  Laboratory  feasibility  studies  were  conducted  to 
evaluate  the  applicability  of  holography  for  the  inspection  of  horon-polyimide, 
graphi t e-poly imide,  and  Borsic(R) /aluminum  fan  blades.  The  use  of  such  composite 
materials  ha3  been  under  intensive  investigation  over  the  past  few  years  with  the 
ever  increasing  need  for  high  strength,  lightweight  materials  for  both  engine  and 
airframe  components  in  advanced  aircraft. 

One  specific  Application  being  considered  for  composites  is  in  the  compressor 
stages  of  gas  turbine  engines  where  relatively  large  airfoils  are  utilized.  One 
example  is  Borsic(R)/aluminum  fan  blades  which  solve  some  vibrational  problems 
encountered  with  homogeneous  metal  airfoils  because  the  high  modulus  provides 
reinforcement  allowing  elimination  of  partspan  shrouds.  Thus  efficiency 
increases  on  the  order  of  one  percent  (Ref.  19}  are  possible,  a  significant  step 
at  this  stage  in  compressor  development.  Of  additional  significance  is  the  Uo£ 
weight  saving  over  titanium  blades .  However,  in  this  type  of  application  the 
airfoil  undergoes  tremendous  stress  loads;  arid  if  manufacturing  defects  are 
present,  complete  failure  of  a  compressor  blade  is  possible.  It  is  therefore 
essential  that  an  effective  nondestructive  testing  procedure  be  developed  for  the 
inspection  of  these  composite  airfoils.  E.-cause  of  their  complex  nature,  HNDT 
would  seem  to  be  particularly  applicable  to  this  type  of  structure. 

In  general.,  these  structures  are  usually  fabricated  entirely  of  fiber 
reinforced  resin  material,  (boron  or  graphite-polyimide}  or  meted  bonded  fibers 
(Borsic(R)-aluminum)  and  only  contain  a  slight  amount  of  noncomposite  material 
(usually  some  meted  is  present  at  the  base  of  the  foil);  typical  examples  are 
presented  in  Fig.  35  showing  both  a  boron-polyiraide  airfoil  and  a  Borsic(R)- 
aluminum  fan  blade.  Except  for  the  composite  material  used,  the  construction  of 
.the  foils  is  similar;  vertical  unilateral  fibers  forming  a  core  with  1*5°  fiber 
cross  plies  bonded  to  this  to  form  the  outer  shell.  The  root  materiel  is  then 
usually  added  to  the  foil  after  fabrication,  lhc  particular  types  of  flaws 
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FIGURE  35.  COMPOSITE  AIRFOILS 


encountered  in  manufacturing  are  disbonds  between  successive  cross-plies*  between 
the  core  and  the  45°  plies,  between  the  foreign  object  damage  (FOD)  shield  and 
the  composite,  and  between  the  fibers  and  the  root  material,  the  latter  being 
the  most  difficult  to  detect  because  of  the  thickness  and  complexity  of  the  fir 
tree  type  of  root. 

EXPERIMENTAL  PROCEDURE 


In  the  present  investigations,  time-average  interferometric  holography  was 
employed  to  record  the  surface  of  the  test  object  as  it  was  physically  deformed 
by  excitation  with  ultrasonic  standing  waves.  In  this  manner,  it  is  possible 
to  detect  any  defect  or  disbond  within  the  object  which  manifests  itself  as  an 
anomaly,  or  disturbance,  in  an  otherwise  regular  interferometric  fringe  pattern 
characteristic  of  the  surface  deformation  to  be  expected  from  the  applied  ultra-? 
sonic  excitation.  Application  of  ultrasonic  stressing  systems  for  the  inspection 
of  conposite  compressor  blades  can  be  accomplished  by  electrically  driving  a 
piezoelectric  transducer  which  has  been  bonded  to  the  surface  of  the  test  piece. 

The  electrically  induced  transducer  deformation  causes  flexural  displacements  due 
to  the  restraining  force  of  the  bond  and  in  this  way,  a  resonant  plate  mode  can 
be  established  in  the  sample  with  a  proper  choice  of  driving  frequency.  Additional 
transducers  can  be  used  as  sensors  to  aid  in  establishing  plate  resonances. 

This  method  of  excitation  has  the  advantage  of  having  a  nearly  unlimited  range 
of  frequencies;  from  a  few  100  Hz  to  several  100  KHz. 

Another  approach,  and  one  which  greatly  facilitates  the  experimental  procedure 
by  eliminating  the  bonding  process,  is  to  mechanically  couple  a  transducer  to 
the  test  piece  through  a  solid  exponential  horn  (acoustic  transformer!.  The 
horn  consists  of  an  aluminum  exponential  cylinder  (radius  of  the  cylinder 
decreases  exponentially  from  end  to  end)  with  a  piezoelectric  transducer  mounted 
on  the  larger  diameter  end.  The  smaller  diameter  end  is  pressed  against  the  test 
piece  and  the  transducer  driven  at  resonance  to  couple  a  large  amount  of  acoustic 
energy  into  the  sample.  A  conplete  assembly,  designed  for  operation  at  50  KHz, 
in  an  operating  configuration  is  shown  in  Fig.  36.  In  addition  to  being  easier 
to  use,  thereby  making  it  a  practical  method  for  implementation  of  HND7  ,  this 
type  of  drive  can  provide  much  larger  amplitude  vibrations;  peak  displa lements  of 
approximately  10  microns  have  been  obtained  at  the  horn  output. 

Several  airfoils,  fabricated  by  the  Pratt  &  Whitney  Aircraft  Division,  have 
been  examined,  using  ultrasonic  excitation  with  the  exponential  horn  drive  and 
time-average  holography,  for  flaws  in  both  the  as  -manufacture  d  condition  and 
after  fatigue  cycling.  For  proper  interpretation  of  the  holographic  reconstruct 
tions,  it  is  necessary  to  holographically  record  both  sides  of  the  blade 
simultaneously.  This  assures  that  the  ultrasonic  driving  frequency  and  amplitude 
is  identical  for  both  holograms,  and  in  addition,  facilitates  the  experimental 
procedure  by  shortening  the  test  time.  This  is  done  by  eaploying  two  holographic 
plates,  one  for  viewing  each  side  of  the  blade,  as  shown  in  the  experimental 
arrangement  of  Fig.  36. 
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FIGURE  36.  COMPOSITE  FAN  BLADE  INSPECTION 


Tiie  reasonably  compact  size  (V  x  4f)  and  symmetrical  nature  are  apparent 
in  the  figure.  An  incoming  laser  beam  is  first  split  into  two  beams  (one  for  each 
hologram) ,  each  of  which  is  subsequently  split  again  into  a  reference  and  object 
beam  as  shown  in  the  schematic  diagram.  In  general,  more  than  one  view  was 
recorded  of  each  side  to  assure  complete  coverage  of  the  airfoil  surface.  When 
this  procedure  was  used,  the  lower  reconstruction  covered  all  or  almost  all  of 
the  blade  surface.  In  addition,  a  close-up  of  the  tip  area,  which  is  sometimes 
obscured  by  the  transducer  in  the  lower  picture,  was  recorded.  While  the  driving 
frequency,  ana  thus  resonant  plate  mode  pattern,  may  be  slightly  different  for 
each  pair  of  reconstructions,  the  important  consideration  is  that  both  sides  in 
each  pair  are  recorded  simultaneously,  permitting  the  comparison  which  allows 
pattern  differences,  and  thus  flaws,  to  be  detected. 

The  major  portion  of  the  work  to  be  described  in  the  following  section  was 
performed  with  cw  He-Ne  laser  systems.  However,  the  most  recent  studies, 
concluding  this  phase  of  the  investigation,  were  conducted  with  pulsed  laser 
systems  in  order  to  demonstrate  their  applicability  to  time-average  holography 
which  is  necessary  for  effecting  this  type  of  NDT. 

EXPERIMENTAL  RESULTS 

Boron  and  Graphite  Polyimide  Airfoils 

When  using  the  experimental  procedure  described  in  the  previous  section, 
two  vibrational  characteristics,  as  recorded  holographically ,  indicate  lamination 
defects  in  this  type  of  structure. 

First,  a  clearly  smaller  well  defined  mode  size,  with  a  larger  amplitude, 
identifies  a  definitely  more  compliant  region,  and  thus  indicates  an  unbonded 
area.  Further,  the  nonexistence  of  this  mode  on  the  other  side  of  the  blade 
shows  that  the  unbonded  area  is  closer  to  the  surface  on  which  the  mode  is  visible. 
An  example  of  this  type  of  flaw  is  visible  in  the  reconstruction  shown  in  Fig,  37. 
This  blade  was  studied  before  instituting  the  double  holographic  plate  procedure 
and  thus  only  one  side,  exhibiting  disbonding  between  the  FOB  shield  and  the 
airfoil  surface,  is  reproduced  here.  The  flawed  area  indicated  below  the  FOD 
shield  was  probably  caused  by  the  removal  of  an  earlier,  and  longer,  protective 
strip.  This  blade,  as  well  as  those  to  be  described  subsequently,  was  also 
examined  with  more  conventional  ultrasonic  NDT  procedures,  and  the  results  Eire 
presented  in  Fig.  38.  The  test  consisted  of  manually  probing  the  blade  and  noting 
the  areas  of  signal  loss  on  a  schematic  diagram.  Further  consideration  of  the 
differences  and/or  similarities  between  the  holographic  and  ultrasonic  results 
are  discussed  in  a  later  section  entitled  Correlation  Studies. 

The  second  type  of  vibrational  characteristic  indicating  a  structured  euiomaly 
is  seen  in  the  reconstructions  of  Fig,  39.  Ih  this  instance,  the  defect  exists 
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FOD  SHIELD  DISBONDING 


GENERAL  DE  LAMINATIONS 


PRESSURE  SIDE  SUCTION  SIDE 

FIGURE  39.  HOLOGRAPHIC  INDICATIONS  ON  BORON  POLYIMIDE  BLADE  -  B2 


f 


in  the  area  denoted  by  the  lighter  cross  hatched  area  in  the  accompanying  schematics. 
The  vibrational  characteristic  of  interest  lies  in  the  fact  that  the  overall  mode 
pattern  itself,  not  the  size  and  amplitude  of  individual  adjacent  modes,  is 
different  for  the  two  sides  of  the  blade.  Ibis  indicates  a  probable  deterioration 
of  the  adhesive  within  the  blade,  without  a  complete  disbond.  Also  seen  in  Fig, 

39  are  several  flaws  detected  by  the  first  type  of  vibrational  characteristic; 
these  are  indicated  by  the  blackened  areas  on  the  schematic.  They  are  particularly 
apparent  near  the  tip  of  the  blade,  both  under  and  overlapping  the  FOD  shield. 

In  this  particular  instance,  the  delaminations  observed  were  apparently  the 
result  of  ice  ball  impact  damage  during  blade  testing  conducted  after  fatigue 
cycling.  Results  of  the  ultrasonic  examination  of  this  blade  are  presented  in 
Fig.  40. 

A  second  example  of  FOD  shield  disbonding  is  presented  in  Fig.  4l;  again, 
the  bad  areas  are  indicated  on  the  accompanying  schematic.  A  third,  less 
obvious  type  of  vibrational  characteristic  which  might  suggest  a  possible  bonding 
defect  within  the  blade  or  a  weakening  of  the  bond  under  the  FOD  shield  is  also 
exhibited  in  this  figure.  This  particular  anomaly,  while  much  more  subtle  than 
either  the  well  defined  higher  amplitude  mode  patterns  (indicated  in  black  on 
the  schematic  of  Fig.  39)  or  the  different  mode  patterns  for  the  two  sides  of  the 
blade  (presented  in  Fig.  39),  manifests  itself  as  a  distinct  difference  in 
vibrational  amplitude  between  the  two  sides  of  the  blade.  The  area  exhibiting 
this  phenomenon  is  indicated  by  the  shaded  area  in  the  schematic.  Though  not 
observed  during  the  holographic  testing,  the  reconstructions  of  Fig.  4l  were 
re -examined  following  ultrasonic  examination  which  indicated  regions  of  signal 
loss  in  this  area.  During  the  re-examination  the  differences  in  amplitude 
between  the  two  sides,  as  can  be  seen  in  Fig.  4l,  were  clearly  evident.  The 
results  of  the  ultrasonic  examination  of  this  blade  are  presented  schematically 
in  Fig.  42.  Of  further  interst  in  Fig.  4l  is  the  excellent  correspondence  in 
the  mode  patterns,  both  position  and  amplitude,  for  the  two  sides  of  the  blade, 
indicating  good  bond  quality,  over  the  remaining  surface. 

In  Fig.  43  the  holographic  reconstructions  from  a  good  blade  are  presented. 

The  striking  feature  in  this  case  is  the  exact  one-to-one  correspondence  of  the 
mode  patterns  ever  the  entire  surface  for  both  sides  of  the  blade,  verifying 
that  it  is  vibrating  as  a  structural  entity,  and  that  apparently  no  flaws  are 
present.  As  with  the  preceding  blade,  the  ultrasonic  examination,  shown  in  Fig, 

44,  indicated  one  area  of  signal  loss  not  immediately  obvious  in  the  holographic 
tests;  some  discussion  of  this  point  is  presented  in  the  section  on  Correlation 
Studies . 

Bora ic(R) -Aluminum  Fan  Blades 

Three  examples  of  flaws,  as  detected  in  Borsic(R)-aluminum  fan  blades,  using 
ultrasonic  stressing  are  presented  in  Fig.  45.  In  one  of  the  blades  (holographic 
reconstruction  in  Fig.  45a)  a  very  distinct  vibrational  point  (the  dark  circular 
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FOO  SHIELD  DISBONDING 


FIGURE  42.  ULTRASONIC  INDICATIONS  ON  GRAPHITE  POLYMIDE  BLADE  -G1 


NO  SIGNIFIC/  S7  DETECTABLE  PLANS 


FIGURE  44.  ULTRASONIC  INDICATIONS  ON  BORON  POLYMSDE  BLADE -B3 


spot),  which  is  indicative  of  a  surface  vibratory  motion,  was  observed  on  the  root 
when  it  was  subjected  to  a  driving  frequency  of  273  KHz.  (These  Borsic(R)- 
aluminum  blades  were  excited  vith  bonded  transducers ,  rather  than  the  exponential 
horn  drive  used  in  the  polyimide  airfoil  studies . )  This  particular  anomaly  was 
not  in  evidence  at  any  other  point  on  either  side  of  the  root  at  any  other 
frequency  or  drive  amplitude .  Thus,  it  suggests  the  presence  of  an  internal  flaw 
or  disbond  at  this  location.  The  reconstructions  in  Figs.  45b  and  c  indicate 
similar  anomalies  along  the  tips  of  two  Borsic (R )-aluminum  blades  identified  at 
89.6  KHz  and  225  KHz  respectively.  In  the  latter  case,  two  anomalies  are  present; 
one  denoting  a  disbond  under  the  leading  edge  protective  strip,  and  the  other 
identifying  a  defect  newer  the  trailing  edge. 

One  of  the  more  significant  resides  obtained  during  this  portion  of  the 
first  year’s  contract  effort  concerned  with  HNDT  of  composite  compressor  blades 
is  presented  in  Fig.  46.  The  pictures  shown  were  reconstructed  from  pulsed  laser 
holographic  recordings  of  a  Borsic (R)-aluminum  fan  blade  being  vibrationally 
excited  at  approximately  50  and  100  KHz.  The  results  clearly  demonstrate  the 
applicability  of  pulsed  laser  methods  to  time-average  holographic  study  of 
vibrating  systems,  a  technique  which  has  just  been  shown  to  offer  considerable 
promise  in  the  nondestructive  inspection  of  composite  structures.  As  briefly 
described  earlier  in  the  present  report,  open  lasing  (non  ^switched)  of  a  pulsed 
laser  provides  an  effective  pulse  duration  on  the  order  of  several  milliseconds, 
sufficiently  long  to  record  time-average  holograms  of  an  object  excited  in  the 
Kilohertz  frequency  range.  However,  the  pulse  is  short  enough  to  effectively 
isolate  objects  which  are  moving  due  to  environmental  vibrations  whose  frequencies 
are  less  than  100  Hz.  Consequently  it  is  possible  to  perform  the  HNDT  work  as 
described  in  thi3  section  of  the  report  without  the  degree  of  sophistication 
required  in  the  vibration  isolation  systems  associated  with  cw  holography. 

As  seen  in  Fig.  46  the  vibrational  mode  patterns  for  both  sides  of  the  blade 
appear  identical  at  excitation  frequencies  of  51  KHz  and  96  KHz,  The  results 
suggest,  therefore,  that  the  blade  contains  no  internal  defects  or  delaminations. 
The  work  was  included  to  illustrate  the  adaptability  of  pulsed  laser  holography 
to  the  time-average  process,  which  is  necessary  for  this  type  of  HNDT. 

Correlation  Studies 


For  the  cases  (polyimide  blades)  where  correlation  studies  of  the  above 
results  have  been  made  with  ultrasonic  NDT  procedures,  good  agreement  has,  in 
general,  been  observed.  In  the  3rd  and  4th  examples  (Figs.  4l,  42,  and  43,  44), 
however,  re-examination  of  the  holographic  reconstructions  was  required  to  obtain 
complete  agreement  with  the  ultrasonic  tests.  In  another  case  (1st  example,  Figs. 
37  and  38)  the  holographic  data  did  not  indicate  the  FOD  shield  disbonding  to  be 
as  extensive  as  the  ultrasonic  evaluation  did,  and  in  the  second  example  (Figs. 

39  and  40),  as  well  as  the  3rd,  the  holographic  data  indicated  small  additional 
areas  not  observed  ultrasonically. 
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FIGURE  46.  BORSIC(R)  -  ALUMINUM  FAN  BLADE 


Of  the  two  cases  requiring  re-examination ,  one  (Figs,  4l  and  42)  was 
discussed  previously.  It  should  be  added,  however,  that  the  ultrasonic  evaluation 
did  not  suggest  any  difference  in  the  type  of  defects  identified  at  the  tip  and 
further  down  the  FOD  shield,  indeed,  it  vas  not  established  whether  structural 
differences  did  exist  within  the  blade  which  mi  girt  account  for  the  distinct 
difference  in  holographic  response.  However,  the  HHET  results  certainly  suggest 
two  different  phenomena;  a  distinct  vibrational  node  pattern  difference  between 
the  two  aides  (blackened  areas)  suggesting  total  delaml nation,  and  a  slight 
difference  in  vibrational  amplitude  between  the  two  sides  (shaded  areas) 
suggesting  a  nuch  lesser  degree  of  internal  defects. 

In  the  second  case  (Figs.  43  and  44)  requiring  re-examination  of  the  holo¬ 
graphic  reconstructions  to  realize  complete  correlation  with  the  ultrasonic 
evaluation,  the  difference  between  the  mode  patterns  for  the  two  sides  vas  quite 
subtle.  In  the  same  area  identified  in  one  type  of  ultrasonic  test  (passing  the 
blade  between  two  wheels)  as  a  region  of  signal  loss,  a  slight  difference  is 
observable  in  the  holographic  results*,  it  is  manifested  as  &  separation,  on  the 
pressure  side,  of  the  "loop"  from  the  three  "looped*  antinode  seen  on  the  suction 
side.  In  another  type  of  ultrasonic  test  (introducing  the  source  energy  through 
a  wedge  shaped  coupler)  this  area  vas  not  identified  as  a  flawed  region.  In 
substance,  therefore,  the  ultrasonic  and  holographic  tests  appear  to  provide  the 
same  conclusion;  if  indeed  a  defect  is  present,  it  is  probably  one  of  relatively 
little  significance. 
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SECTIOI  VII 


COKCLUSIOBS  AID  RECOMCEHDATIOIS 


Based  on  the  theoretical  and  experimental  Investigations  discussed  in  the 
four  major  preceding  sections  of  the  present  report,  the  following  conclusions 
can  he  drawn. 

PHYSICAL  EHYIROHMHrr  EFFECTS 


1.  Study  of  the  deleterious  effects  of  extraneous  lighting  demonstrated 
that  good  quality  interferometric  holograms  can  he  constructed  in  areas  which 
contain  high  levels  of  ambient  illumination,  without  filtering,  provided  that  the 
exposure  time  can  he  controlled.  For  example,  the  tests  conducted  with  200  foot- 
candles  measured  at  the  photographic  plate  indicate  this  to  he  the  limit  for  a 

75  millisec  exposure .  However,  extrapolation  suggests  that  holographic  exposures 
can  he  constructed  with  the  object  in  direct  sunlight  (average  subject  produces 
600  foot-candles  on  reflection)  hy  reducing  the  exposure  time  to  approximat ely  25 
milliseconds,  'ihis  exposure  time  is  possible  with  the  present  shutter  assembly  by 
reducing  the  size  of  the  curtain  opening.  The  results  further  indicate  that 
there  Is  considerable  latitude  in  the  construction  parameters  within  which  the 
quality  of  the  reconstructed  objects  does  not  degrade.  For  example,  it  is 
desirable  to  maintain  the  reference-to-object  beam  intensity  ratio  greater  than 
unity,  hut  the  results  appear  comparable  for  ratios  which  range  from  30:1  to  2:1. 
In  addition,  it  is  evidtut  that  in  constructing  double-pulse  interferometric 
holograms,  it  is  not  necessary  that  the  two  pulse  amplitudes  he  precisely  matched 
to  optimize  the  reconstructed  fringe  contrast. 

2.  The  results  obtained  in  the  Fatigue  Test  Laboratory  demonstrated  that 
holograms  could  he  constructed  in  areas  of  high  vibrational  fields  with  pulse 
separations  as  long  as  100  microseconds.  For  this  case,  the  displacements  which 
occur  at  1  KHz  were  not  large  enough  to  cause  image  degradation.  The  displace¬ 
ments  at  1  KHz  would  have  to  approach  approximately  0.0U  microns  before  subsidiary 
fringes  related  to  optical  component  shift  would  be  detected. 

3.  Preliminary  investigations  carried  out  to  examine  the  effects  of  wm/m 

(  <ly)  particles  upon  holographic  image  quality  showed  that  smoke  concentrations 
far  in  excess  of  the  Industrial  hygienist's  threshold  limit  value  for  oil  vapors, 
did  not  preclude  the  construction  of  holograms ,  although  there  was  a  noticeable 
loss  in  both  resolution  and  contrast. 
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SURFACE  PIMI8H  ETFECTS 


From  the  various  surface  sizes  (up  to  l6  sq  ft)  and  finishes  (h  v  in  to 
2000  v  in)  which  were  examined  in  these  studies,  the  following  resulvs  can  be 
stated: 


1.  Interferometric  holograms  of  surfaces  with  a  roughness  of  less  than  b  y 
in  (a  very  high  polish)  have  been  easily  recorded. 

2.  The  intensity  of  the  radiation  scattered  from  a  surface  is  highly  peaked 
in  the  specular  direction.  This  will  tend  to  Unit  the  area  coverage  on  smooth 
surfaces.  The  present  tests  have  demonstrated  the  capability  of  recording  a  b  foot 
square  object,  with  a  surface  roughness  of  8  ji  in  with  an  8  foot  separation 
between  object  and  hologram. 

3.  Specular  reflections  are  enhanced  perpendicular  to  the  surface  finish 
direction.  Thus,  interferometric  fringe  information  may  be  lost  or  degraded  (a 
8 light  narrowing  of  the  fringes)  in  areas  of  very  intense  specular  reflection 
(usually  a  single  narrow  line). 

b.  Interferometric  fringe  contrast  decreases  as  the  recorded  intensity 
decreases. 


5.  Holographic  interferometric  quality  is  independent  of  the  laser  beam 
expansion  element  (simple  lens  system  or  diffuser  plate),  except  in  cases  where 
the  raw  laser  beam  ha>  an  uneven  intensity  distribution;  in  this  event  diffuser 
plates  are  preferred. 

6.  To  obtain  the  maximum  recorded  area  in  a  holographic  interferogram,  the 
specular  point  should  be  centered  about  the  surface  area  of  interest  and  in  the 
case  of  no  ambient  illumination,  the  reference  beam  adjusted  to  yield  a  hologram 
with  a  H.D.  of  approximately  0.6 

?'.  The  degree  of  surface  roughness  up  to  1000  y  in  does  not  significantly 
affect  interferometric  fringe  location. 

8.  Retro-reflective  surface  preparations  may  afford  an  enormous  increase  in 
allowable  area  coverage  for  a  given  laser  system.  On  the  basis  of  this  preliminary 
finding  it  is  reconmended  that  the  effect  of  such  retro-reflective  coatings  on  the 
rolling  direction  line  effect  be  studied;  and  that  other  properties  of  the  material 
be  explored  for  applicability  to  aircraft  hardware . 

MAXIMUM  STRAIN  &  STRAIN  PATTERNS 


The  theoretical  work,  supported  by  experimental  measurement ,  established  that 
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holographic  interferometry  is  a  -viable  technique  for  visualizing  strain  patterns 
and  areas  of  strain  concentrations  on  large  structures,  The  results 

showed  that  both: 

1.  Good  correlation  exists  between  the  principal  strain  fields  on  thin 
structures  as  sampled  by  conventional  strain  gages,  and  as  determined  by  holography. 

2.  The  effects  of  surface  geometry  and  rigid  body  action  on  the  inter¬ 
ferometric  fringe  data  reduction  procedures  will  not  adversely  influence  the 
determination  of  high  strain  areas  or  relative  strain  magnitude. 

Further,  the  experience  gained  in  performing  these  studies  has  led  to  the 
following  recommendations  applicable  to  on-site  measurement  of  strain  by  holo¬ 
graphic  interferometry : 

1.  The  object-illumination  source  should  be  placed  next  to  the  holographic 
plate. 

2.  The  hologram- to-object  distance  should  be  greater  than  1  meter. 

3.  The  angle  between  the  surface  normal  and  the  viewing  direction  should  be 
less  than  ±1»5°. 

k.  Preliminary  double-exposure  holograms  of  the  object  in  the  unstressed 
state  should  be  taken  to  determine  the  effect  that  environmental  influences  vill 
have  on  the  strain  field. 

5.  For  comparative  purposes,  two  or  three  holograms  should  be  taken  at  small 
equal  increments  of  strain  in  order  to  check  linearity  of  the  flexure  field  with 
respect  to  strain. 

6.  Surface  curvature  effects  should  be  taken  into  account  for  surfaces 
where  the  normal  varies  over  ±20°  with  respect  to  the  viewing  direction. 

KPT-COMPOSITE  COMPRESSOR  BLADES 

Considering  the  relatively  recent  emergence  of  holography,  as  compared  with 
ultrasonic  techniques,  for  the  performance  of  nondestructive  testing,  it  can  he 
concluded  that  the  method  will  offer  a  viable  technique  for  the  inspection  of 
various  components .  Certainly,  when  considering  a  specific  part,  further  work 
is  necessary  to  buildup  a  backlog  of  experimental  evidence  which  will  aid  in  the 
interpretation  of  holographic  data  and  recognition  of  specific  defects.  However, 
with  regard  to  composite  fan  blades,  it  has  been  shown  that: 
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-li1 '  tte  use  of  interferometric  holographic  techniques  In  combination  with 
ultrasonic  excitation  may  offer  one  of  the  most  inclusive  test  methods  for  the 
detection  and  characterization  of  "bond  defects. 

2.  It  appears  that  this  approach  can  define  the  area  of  deliurt  nation, 
determine  which  surface  it  is  nearer  to,  has  the  potential  to  determine  the 
degree  of  disbonding,  and  is  applicable  to  complex  surface  geometries  as  illus- 
t rated  by  the  blade  root  studies  described. 

3.  The  use  of  a  nonbonded  exponential  horn  transducer  drive  configuration 
for  introducing  acoustic  energy  into  a  test  object  and  the  use  of  pulsed  laser 
techniques  for  recording  the  data  illustrate  one  potential  method  far  implement¬ 
ing  HIDT  in  a  production  or  maintenance  type  of  environment. 

U.  ihe  relatively  low  frequency  range  (up  to  a  few  hundred  kilohertz)  that 
this  combination  of  ultrasonics  and  holography  affords  as  opposed  to  the  megahertz 
operating  frequency  range  of  more  conventional  ultrasonic  inspection  procedures 
both  contributes  to  its  demonstrated  effectiveness  and  offers  the  following 
important  advantages:  a)  the  effects  of  grain  scattering,  acoustic  attenuation 
and  surface  roughness  on  resolution  capability  are  much  less  severe;  b)  the 
inspection  of  much  larger  areas  at  one  time  is  possible,  thereby  easing  the 
material  handling  problem;  and  c)  the  techniques  of  transducer  coupling  are 
generally  less  elaborate,  which  should  increase  system  reliability. 
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APPENDIX  A 


ABSTRACT  -  STRAIN  ANALYSIS  OF  LARGE  AIRFRAME  STRUCTURES 


A  paper  on  the  above  topic  was  preyented  to  the  Spring  Meeting  of  the  Optical 
Society  of  America  in  New  York  City  on  13  April,  1972.  The  following  abstract 
appeared  in  the  Journal  of  the  Optical  Society  of  America,  Vol,  62,  1972,  p.  738. 


ThC13.  Strain  Analysis  of  Large  Airframe  Structures* 
F.  Michael  and  J.  P.  Waters 


A  study  has  been  made  to  anticipate  and  resolve  the  problems  expected  in 
performing  pulseslaser  holographic  strain  analysis  on  large  aircraft  structures 
in  realistic  environments.  Toward  this  end,  holographic  and  strainsgauge  measure¬ 
ments  were  simultaneously  recorded  on  structures  simulating  airframe  surfaces. 

The  static-strain  fields  were  generated  in  a  stressing  frame  by  applying  stress 
from  a  variety  of  directions.  Tne  values  of  strain  obtained  from  the  gauges 
were  then  compared  with  the  holographic-interferometry  data.  In  addition,  the 
paper  will  consider  holographic-interferometric  theory  as  applied  tc  large  three- 
dimensional  structures  and  a  study  of  the  relevant  parameters,  including 
holographic-layout  geometry,  plus  object  orientation  and  curvature  for  recording 
holograms  of  such  structures .  Also  considered  ewe  a  study  of  simple  translations 
al  and  rotational  motion  for  various  object  geometries  that  may  produce  spurious 
strain  data;  procedures  for  obtaining  data  under  adverse  conditions,  and  a 
procedure  for  data  reduction  emd  computation  of  spatially  resolved  maximum-strain 
f ields . 


*  Supported  in  part  by  Air  Force  Materials  Laboratory,  WrightsPatteraon  AFB, 
Ohio  1*5433. 
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APPESDIX  B 


OBJECT  MOTION  COMPENSATION  BY  SPECKLE 
RffERHICE  BEAM  HOLOGRAPHY 


A  new  technique  which  considerably  lessens  the  stringent  vibration  isolation 
requirement*  associated  with  conventional  cv  holography  has  been  developed  and 
recently  reported  in  Applied  Optics.  Referred  to  as  speckle  reference  beam 
holography*  the  method  was  conceived  and  demonstrated  as  part  of  United  Aircraft 
Research  Laboratories  Corporate  sponsored  research  program.  Nevertheless,  it 
is  moat  apropos  to  the  present  contract  work  since  it  offers  a  viable  technique 
for  applying  the  cv  holographic  process  in  a  practical  environment,  away  from 
the  massive  stable  tables  of  an  Optics  Laboratory  and,  as  such,  serves  to 
co^lement  the  use  of  pulsed  laser  holographic  techniques  in  these  situations. 

The  method  involves  focusing  a  portion  of  the  laser  illuminating  beam  to  a 
spot  on  the  object,  which  then  serves  as  the  reference  beam  for  recording  a 
hologram  of  the  object.  Thus,  object  motion  affects  both  reference  and  object 
beams  simil'rly,  and  therefore  does  not.,  per  se,  preclude  a  successful  recording. 
The  technique  has  all  the  characteristics  of  conventional  cv  holography,  though 
in  its  present  state  of  development,  it  is  somewhat  restricted  in  area  coverage 
thereby  limiting  the  allowable  size  object  which  can  be  recorded.  However,  in 
addition  to  the  reduction  of  vibration  isolation  requirements ,  speckle  reference 
beam  holography  offers  the  following  features  i  Cal  several  holograms  of  the  same 
scene,  with  different  viewing  directions,  can  be  recorded  simultaneously)  (bl 
vibration  requirements  on  the  holographic  plate  are  similar  to  conventional 
photography;  (c)  relative  phase  between  two  points  on  a  vibrating  surface  can  be 
determined;  and  (d)  it  can  be  used  to  eliminate  residual  fringes  between 
recordings  of  pulsed  holographic  interferograms . 

A  portable  speckle  reference  beam  holographic  camera  has  been  fabricated, 
and  its  use  demonstrated  in  the  Materials  Laboratory  of  UARL  by  recording  inter** 
ferometric  holograms  of  an  aluminum  tensile  specimen  being  stressed  in  a  Tenius 
Olsen  Universal  Testing  Machine.  A  typical  result  from  these  studies  is  presented 
in  Fig.  B1  along  vith  a  photograph  of  the  experimental  test  configuration.  (The 
latter  figure  depicts  the  tripod-mounted  holocamera  resting  on  both  a  desk  and 
the  testing  machine  itself. )  The  laser  beam  was  directed  toward  the  upper  portion 
of  the  tensile  test  specimen  and  a  static  double-exposure  (one  at  each  of  two 
different  states  of  stress)  interferometric  hologram,  requiring  several  seconds 
of  exposure,  vas  recorded.  The  reconstruction  indicates  a  much  stronger  vertical 
fringe  system  then  would  normally  be  expected  for  such  a  test,  together  with 
some  shifting  of  the  fringe  pattern  toward  the  stress  concentration  points.  The 
former  effect  (vertical  fringes)  vas  subsequently  found  to  be  caused  by  a  slight 
twisting  of  the  specimen  as  a  result  of  the  clamping  Jaw  arrangement .  The  results, 
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however,  clearly  demonstrate  the  capabilities  of  the  technique  for  long  exposure 
cv  holography  without  the  need  for  vibration  isolated  mounting  systems. 

Because  of  the  significant  relevance  of  speckle  reference  beam  holography  to 
one  of  the  prime  objectives  -  "determine  the  feasibility  of  using  holographic 
interferometry  in  manufacturing  or  maintenance  environments"  -  of  the  current 
contract,  a  description  of  the  method  and  its  applications  are  presented  below. 
The  work  originally  appeared  in  Applied  Optics.  Vol.  11,  1972,  p.  630. 


1.  INTRODUCTION 


1  2 

Since  the  advent  of  cv  holography  *  ,  vibration  isolation  requirements  have 
essentially  limited  its  use  to  a  laboratory  type  environment;  this  has  promoted 
skepticism  on  the  part  of  potential  users  as  to  its  eventual  role  in  a  practical 
environment.  Although  the  introduction  of  pulsed  holography®  has  done  much  to 
eliminate  these  objections,  the  additional  technology  required  and  the  expense 
associated  with  it  have  detracted  from  its  widespread  acceptance , 

The  method  described  in  this  paper  is  primarily  intended  for  lessening  the 
stringent  vibration  isolation  requirements  associated  with  conventional  cv 
holography.  The  method  does  not  require  an  electronic  feedback  servo  system1*’ 
scanning  reference  beam”,  attachment  of  mirrors^,  or  optical  processing  of  the 
reference  beam  before  striking  the  hologram®  and  has  all  the  advantages  of 
conventional  cw  holography  in  that  double-exposure ,  time-average,  and  real-time 
holograms  can  be  obtained  of  three-dimensional  diffusely  reflecting  objects. 

Following  a  description  of  speckle  reference  beam  holography  and  its 
application  for  lessening  the  stringent  vibration  isolation  requirements  of  cw 
holography,  two  additional  applications  will  be  described.  These  tire  the 
determination  of  relative  phase  on  the  surface  of  vibrating  objects  and  the 
elimination  of  residual  fringes  associated  with  double-pulse  holographic  inter** 
ferometry. 


2.  SPECKLE  REFERENCE  BEAM  HOLOGRAPHY 


A  speckle  reference  beam  hologram  is  formed  in  a  conventional  manner;  that 
is,  a  coherent  light  source  is  divided  into  tvo  beams,  one  being  used  to  illuminate 
an  object  and  the  other  being  used  as  i.  reference  beam.  The  light  from  the 
diffusely  reflected  object  interferes  with  the  light  from  the  reference  beam  on 
a  photographic  plate  to  form  the  hologram.  The  difference  arises  in  the  type  of 
reference  beam  used  in  the  construction  of  the  hologram.  Conventionally,  the 
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reference  is  formed  by  directly  illuminating  the  hologram  vith  a  portion  of  the 
coherent  light  via  mirrors  and  appropriate  expanding  optics.  In  making  a  speckle 
reference  beam  hologram,  a  portion  of  the  coherent  light  source  is  focused  to  a 
point  on  any  diffuse  surface  (e.g.t  wood,  paper,  unpolished  metal,  etc.),  and 
the  diffusely  reflected  radiation  from  the  surface  is  used  as  the  reference  beam. 
Presented  in  Pig.  B2a  is  a  schematic  diagram  showing  a  typical  component  arrange¬ 
ment  for  making  a  speckle  reference  beam  hologram. 

In  general,  radiation  reflected  from  a  diffuse  surface  forms  a  speckle 
pattern  (randomly  oriented  spots  of  light)  which  is  characteristic  of  the  surface 
microstructure.  As  the  scattering  area  is  reduced  by  focusing,  the  randomly 
oriented  spots  increase  in  size.  Finally,  if  the  focused  spot  can  be  made  smaller 
than  the  surface  discontinuities ,  the  speckle  pattens  disappears  and  the  surface 
behaves  in  a  specular  manner.  Under  these  conditions,  a  conventional  hologram 
could  be  recorded  using  the  light  reflected  from  the  focused  spot  as  the  reference 
beam.  However,  a  point  source  smaller  than  the  discontinuities  on  a  diffuse 
surface  is  generally  not  obtainable  due  to  the  diffraction  limits  associated  with 
the  optics.  This  would  seam  to  rule  out  the  use  of  a  reference  beam  reflected 
from  a  diffuse  surface,  because  the  phase  characteristics  of  the  reference  beam 
used  in  the  construction  process  cannot  be  matched  identically  by  the  reconstruct¬ 
ing  beam,  and  image  resolution  should  therefore  be  degraded. 

However,  recent  experiments  at  UARL  have  demonstrated  that  a  focused  spot 
with  a  diameter  of  approximately  0,2  mm  (a  2-mm  laser  beam  brought  to  a  focus 
with  a  lens  having  a  focal  length  of  25  cm)  on  a  diffuse  surface  is  sufficient 
to  approximate  a  specular  point  source  when  constructing  a  hologram.  The 
hologram  can  then  be  reconstructed  using  a  readily  available  specular  point  source. 
The  attendant  loss  in  resolution,  as  a  result  of  using  two  unidentical  point 
sources  in  this  manner,  has  been  found  to  be  minimal.  Figure  B2b  is  a  photograph 
of  a  holographic  plate  obtained  using  the  diffusely  reflected  radiation  from  a 
focused  spot,  0.2  mm  in  diameter,  on  an  unpolished  metal  surface.  The  character*, 
istic  speckle  pattern  of  the  surface  is  clearly  visible  in  the  figure.  Presented 
in  Fig.  B2c  is  the  photograph  of  the  reconstructed  image  (Nat.  Bur.  Stand, 
resolution  chart)  obtained  from  the  hologram  pictured  in  Fig.  B2b.  An  angular 
resolution  better  than  6.5  x  10"1*  rad  (determined  from  the  smallest  divisions  on 
the  resolution  chart)  was  obtained.  (Even  higher  resolutions  can  be  expected 
using  a  smaller  focused  spot.)  In  the  experiments  to  date,  it  has  been  found 
that  this  resolution  (6.5  x  10“^  rad)  is  more  them  adequate  for  general  applicat¬ 
ions  of  holography  such  as  nondestructive  inspection,  vibration  analysis ,  and 
strain  eumlysis.  The  method  is  e&so  applicable  to  all  conventional  forma  of  cw 
holography  (double-exposure,  real-time,  emd  time-average). 

The  speckle  illumination  which  serves  as  the  holographic  reference  beam  has 
a  feature  that  a  conventions!,  reference  beam  does  not  have ;  the  diffusely 
reflected  radiation  subtends  a  solid  angle  of  approximately  l80°.  This  feature 
makes  it  possible  to  record  many  holograms  simultaneously  from  different  viewing 
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directions  without  additional  optics  to  provide  the  required  reference  beams. 
Compensation  for  different  irradiance  ratios  between  reference  and  object  illumina¬ 
tion  beams  is  not  required  since  both  have  the  sane  angular  scattering  properties 
and  the  irradiance  of  both  decreases  with  distance  in  the  sane  way.  This  feature 
is  particularly  helpful  in  strain  analysis  where  nore  than  one  viewing  direction 
is  sometimes  required  to  obtain  the  three  displacement  vectors  of  the  surface. 


3.  ELDffHATIOI  OF  STRIHGEHT  VIBRATION  ISOLATION 
REQUIREMENTS  OF  CV  HOLOGRAPH? 


The  primary  application  of  speckle  reference  beam  holography  is  in  the 
elimination  of  the  stringent  vibration  isolation  requirements  associated  with 
conventional  cv  holography.  This  is  accomplished  by  focusing  a  portion  of  the 
laser  illumination  beam  to  a  spot  on  the  object,  which  then  serves  as  the 
reference  beam  for  recording  the  object.  Motion  of  the  object  will  now  be 
compensated  for  by  a  change  in  the  path-length  of  the  reference  beam.  This  is 
similar  to  the  technique  of  Corcoran  et  al? ,  where  a  mirror  is  attached  to  the 
object  so  that  the  reference  beam  can  be  reflected  from  it.  In  this  case,  however, 
mirrors  are  not  required.  This  difference  makes  it  possible  to  illuminate  easily 
the  hologram  with  the  reference  beam  without  having  to  locate  the  expanding 
optics  near  the  object  or  attach  mirrors  that  could  influence  the  motion  of  the 
object  in  holographic  interferometry  applications. 

In  making  a  hologram  of  this  type  (reference  point  on  the  object)  the 
reconstruction  will  contain  two  virtual  images  (orthoscopic  and  pseudoscopic) 
centered  symmetrically  about  the  reference  point.  Therefore,  care  must  be  taken 
to  position  the  reference  point  to  one  side  of  the  object  illumination  field,  or 
the  two  reconstructed  images  will  overlap  and  degrade  the  image. 

In  practice,  holograms  of  reasonable  quality  can  be  obtained  of  objects 
over  a  limited  illuminated  area  without  special  precautions  as  to  illumination 
beam  divergence  or  angular  acceptance  of  the  holographic  plate.  Shown  in  Fig.  B3 
are  two  photographs  of  the  reconstruction  obtained  from  a  hologram  constructed 
with  the  illumination  optics,  reference  beam  optics,  and  photographic  film  holder, 
all  located  on  a  vibration  isolation  table,  while  the  object  (Nat.  Bur.  Stand, 
resolution  chart)  was  attached  to  a  tripod  resting  on  the  laboratory  floor, 

(Prior  to  these  experiments,  holograms  were  not  obtainable  in  this  laboratory 
without  vibration  isolation  of  the  object.)  As  seen  in  the  figure,  one  photograph 
shows  both  the  real  image  and  the  twin  image,  while  the  other  is  a  closeup  of 
Just  the  real  image.  These  photographs  show  the  extent  in  area  over  which  the 
reference  beam  is  automatically  compensating  for  the  object  movement  due  to 
random  environmental  vibrations .  Direct  measurements  vising  heterodyning  techniques 
showed  that  the  maximum  amplitude  of  the  object  motion  was  while  the 
frequency  varied  between  5  Hz  and  30  Hz. 


-  115  - 


(O)  PSEUDOSCOPIC  (LEFT)  AND  ORTHOSCOPIC(RIGHT)  IMAGES 


(b)  MAGNIFIED  VIEW-ORTHOSCOPIC  image 


FIGURE  B3.  RECONSTRUCTED  IMAGES 


lb  improve  the  quality  of  the  reconstructed  liege  and  Increase  the  area  of 
the  object  that  can  be  recorded,  special  precautions  are  necessary.  Referring 
to  Fig.  Bfc,  the  required  precautions  can  be  determined  by  noting  that  the  phase 
change,  A6Q,  introduced  by  random  object  notion  at  the  focused  reference  spot,  is 

2wAZ  ,  .  .  , 

A6q  =  ^  Ceos  &Q  -  tan  aQ  sin  ♦  sec  a0l.  111 

where  X  is  the  wavelength  of  illuminating  ligit,  aQ  is  the  angle  between  the  z 
and  the  central  ray  of  the  incident  reference  beam,  and  0O  is  the  angle 
between  the  z  and  the  direction  to  a  point,  E,  on  the  hologram.  This 

between  the  object  and  hologram  is  considered  to  be  much  larger  than  the 
random  surface  displacement.  The  phase  change,  AAn,  at  a  point  on  the  illuminated 
portion  of  the  object,  is 

Adn  =  ~T  '*AZ  Ceos  +  cos  -  AX  Cain  *•  sin  Bnl],  (2j 

where  a  is  the  angle  between  the  z  axis  and  the  incident  illxar'  .ation  beam,  and 
0q  is  the  angle  between  the  z  and  the  direction  to  the  point,  5,  on  the 
hologram.  In  this  equation,  the  distance  from  the  illumination  point  source, 

S,  is  also  considered  to  be  much  larger  than  the  random  displacement  of  the 
surface.  (A  similar  equation  can  he  generated  for  the  y,z  plane.}  Since  the 
phase  change  on  the  illuminated  object  is  dependent  or  the  interference  between 
identical  displaced  points  while  the  phase  change  of  the  reference  beam  is  due  only 
to  a  displacement  of  the  focused  spot,  Eq.  (l)  and  C2l  are  not  of  the  same  form. 

As  can  be  seen,  Eq.  (l)  is  completely  independent  of  AX,  and  therefore  compensation 
for  a  change  in  the  AX  direction  cannot  be  effected  with  this  technique.  Wien 
the  two  Z  components  of  Eqs.  (l)  and  (2}  are  equal,  maximum  object  motion 
compensation  in  this  direction  is  achieved.  One  set  of  conditions  for  which  the 
two  components  are  equal  is  when  aQ  -  Oq  =  0  and  8n  =  B0. 

The  first  condition  (  aQ  =  =  0)  can  be  achieved  by  collimating  the  object 

illumination  beam  and  keeping  the  central  ray  of  the  focused  reference  beam 
parallel  to  it.  The  second  requirement  (  fs0  *  0-a)  is  achieved  by  either  recording 
the  object  in  the  far  field  (lensless  Fourier  transform  holography® } ,  or  at  the 
focal  plane  of  a  lens  positioned  between  the  object  and  the  hologram.  Ih  tnis 
manner,  the  rays  that  form  the  interference  pattern  at  the  position  of  the  hologram 
..re  essentially  parallel  when  leaving  the  object,  thus  BQ  ■  Figure  B5  is  a 
schematic  illustration  of  a  holographic  system  that  meets  the  above  requirements. 
The  reconstructed  image  (orthoscopic)  from  a  hologram  made  in  a  manner  similar  to 
this  is  presented  in  Fig.  B6a.  The  increase  in  image  quality  over  that  found 
in  Fig.  B3  is  apparent.  This  particular  hologram  was  recorded  approximately  50 
cm  from  the  object,  a  distance  found  to  he  sufficient  for  reasonable  quality 
holograms . 
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These  conditions,  which  produce  equal  phase  change,  are  theoretically 
applicable  for  flat  objects  only  and  will  not  he  as  effective  when  the  normal  to 
the  surface  varies  considerably,  as  in  the  case  of  objects  having  a  complicated 
geometry.  However,  our  experiments  have  shown  that  considerable  variation  of  the 
surface  normal  can  be  tolerated  with  little  degradation  to  the  image.  An  example 
of  a  reconstruction  showing  a  complicated  surface  is  presented  in  Fig.  B6b.  The 
unisolated  object  was  a  model  cf  the  lunar  landing  craft  and  illustrates  the 
vide  variety  of  angular  surface  orientation  that  can  be  automatically  corrected 
for  by  the  speckle  reference  beam  technique.  Ihe  somewhat  low  quality  of  this 
reconstructed  image  was  found  to  be  partially  a  result  of  slow  thermal  expansion, 
which  occurs  if  the  focused  reference  spot  dwells  on  a  painted  surface.  This 
effect  was  eliminated  in  future  reconstructions  by  allowing  the  painted  surface 
at  the  focused  reference  spot  to  obtain  equilibrium  before  making  the  hologram. 

(A  reconstruction  of  a  hologram  made  in  this  fashion  is  presented  in  Fig.  B9.) 

As  shown  in  Eq.  Cl),  the  random  surface  movement  in  a  lateral  direction 
(perpendicular  to  the  surface  normal)  cannot  he  compensated  for  with  this 
technique  or  any  of  the  other  techniques  mentioned  previously^**  .  However,  if 
the  object  illumination  is  approximately  normal  to  the  surface  and  the  recording 
angle  ($n)  is  kept  small,  in  general,  the  holographic  quality  is  not  degraded 
as  severely  by  this  type  of  displacement  (lateral)  as  it  is  by  longitudinal 
motion.  From  Eq.  (2),  the  phase  change  due  to  a  random  displacement  in  the  X 
direction  of  magnitude  A  where  Bn  =  10°  is  0.02  rad  while  the  phase  change 
produced  by  a  comparable  movement  in  the  Z  direction  is  0.11  rad.  For  this 
particular  system,  there  is  a  factor  of  5  difference  in  the  phase  change  between 
a  movement  perpendicular  to  the  surface  rad  one  parallel  to  the  surface.  This 
type  of  motion  becomes  even  less  significant  as  the  recording  angle  is  decreased. 

An  additional  type  of  random  motion  that  is  not  compensated  for  by  the 
focused  reference  spot,  and  which  will  degrade  or  completely  obliterate  the 
reconstructed  holographic  image,  is  a  change  in  the  longitudinal  displacement 
across  the  surface  of  the  object  (e.g,,  rotation  about  an  axis  parallel  to  the 
surface).  Experimentally,  this  type  of  random  displacement  has  been  found  to 
be  small  over  a  large  portion  of  the  object  and  can  usually  be  minimized  by  a 
Judicious  choice  in  the  initial  orientation  of  the  object. 

Vibration  restrictions  on  the  photographic  plate  during  the  holographic 
exposure  are  no  greater  theui  those  associated  with  conventioneil  photography  since 
the  hologram  is  recorded  either  in  a  lensless  Fourier  transform  configuration^ 
or  in  a  conventional  Fourier  transform  configuration.  Limitations  on  the 
remainder  of  the  system,  namely,  the  optics  used  for  handling  the  two  beams 
prior  to  illumination  of  the  object,  can  be  minimized  by  rigidly  mounting  the 
optical  elements  in  relation  to  each  other.  (This  is  not  particularly  difficult 
since  these  elements  can  be  made  fairly  compact.) 
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To  demonstrate  the  applicability  of  speckle  reference  beam  holography  in 
an  unlsolated  vibration  environment,  the  holographic  camera  shown  in  Fig.  B7 
vas  constructed.  The  camera  consisted  of  a  5-mV,  6328  8  laser,  collimation 
optics  to  produce  an  illumination  beam  10  cm  in  diameter,  and  f/40  optics  for 
focusing  the  reference  beam  to  a  point  on  the  object.  The  various  optical 
components  were  mounted  on  a  2.5-cm  thick  piece  of  aluminum  as  shown  in  Fig.  B7a. 
A  thin  aluminum  cover  vas  then  placed  over  the  optics  to  prevent  air  currents 
from  affecting  the  system,  and  the  entire  system  vas  mounted  on  a  conventional 
photographic  tripod  as  shovn  in  Fig.  Bfb.  Representative  photographs  of  the 
reconstructions  from  holograms  made  with  the  camera  are  shown  in  Fig.  B8, 

Figure  B8a  is  a  reconstructed  image  of  an  Nat.  Bur.  Stand,  resolution  chart 
which  vas  mounted  on  the  laboratory  vail,  (Little  difference  between  this 
reconstructed  image  and  the  one  presented  in  Fig.  B6,  made  vith  the  optics  on 
the  isolation  table,  can  be  noted.)  A  photograph  of  a  reconstructed  three- 
dimensional  image,  ordinary  laboratory  clamp  resting  on  a  table,  is  presented  in 
Fig.  B8b,  and  a  time-average  reconstruction  of  a  vibrating  speaker  cone  is 
presented  in  Fig.  B8c,  the  latter  demonstrating  the  capability  of  the  system  to 
record  time-average  holographic  interferograms  of  unisolated  objects. 


4.  DETERMINING  PHASE  OF  VIBRATING  OBJECTS 


Using  a  modulated  reference  beam  and  time-average  holographic  interferometry 
(real-time  holographic  interferometry  is  equally  applicable)  Neumann  et  al.10 
have  shown  that  phase  differences  between  different  points  on  a  vibrating  object 
can  be  determined.  This  is  effectively  done  by  modulating  the  reference  beam 
using  a  vibrating  mirror  while  recording  the  hologram.  The  reconstructed  image 
will  then  exhibit  a  3hift  in  the  irradiance  of  the  various  reconstructed  inter¬ 
ferometric  fringes.  With  a  stationary  reference  beam,  the  irradiance  character¬ 
istically  has  it 8  maximum  value  on  those  portions  of  the  object  that  have  no 
motion,  while  the  succeeding  maxima  exhibit  a  lower  irradiance  value  as  the 
vibratory  amplitude  increases.  By  modulating  the  reference  beam,  those  points 
on  the  object  that  have  the  same  vibratory  amplitude  and  phase  as  the  reference 
beam  will  now  be  of  maximum  intensity,  and  in  this  manner,  a  phase  determination 
can  be  made. 

This  same  type  of  information  can  be  obtained  using  speckle  reference  beam 
holography.  This  is  accomplished  by  positioning  the  focused  reference  spot  on 
that  portion  of  the  vibrating  object  where  the  phase,  in  relation  to  the 
remainder  of  the  object,  is  to  be  determined.  Upon  making  a  tine-average 
interferometric  hologram  of  the  vibrating  objsct,  the  brightest  areas  Cnodal 
regions  in  conventional  time-average  holographic  interferometry)  on  the  reconstruct¬ 
ed  image  surface  are  those  that  have  the  same  phase  and  amplitude  as  that  portion 
of  the  object  upon  which  the  reference  spot  is  focused.  An  example  of  this  type 
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(b)  TRIPOD-MOUNTED  CAMERA 


FIGURE  B 
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FIGURE  B8.  RECONSTRUCTIONS  OF  HOLOGRAMS  RECORDED  WITH  THE  SPECKLE 
REFERENCE  BEAM  TRIPOD-MOUNTED  HOLOGRAPHIC  CAMERA 
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of  application  is  presented  in  Fig.  B9,  showing  three  photographs  from  holographic 
reconstructions  made  of  a  speaker  cone  vibrating  with  a  frequency  of  2680  Hz. 

In  the  photograph  of  Fig.  B9a,  the  focused  reference  spot  was  positioned  on  the 
frame  of  the  speaker  cone.  Thus,  the  marl  mum  intensity  areas  are  nodal  points. 

This  hologram  served  to  locate  the  position  of  the  reference  spot  for  the  succeed¬ 
ing  two  holograms  which  were  reconstructed  and  are  presented  in  Figs.  B9b  and  c. 

For  the  reconstruction  shown  in  b,  the  reference  spot  was  focused  on  a  node  located 
near  the  rim  of  the  cone,  and  for  the  one  in  c,  the  reference  spot  was  focused 
on  an  adjacent  antinode.  By  recording  the  holograms  in  this  manner,  the 
reference  spot  was  located  at  a  different  point  in  the  vibratory  cycle  for  each, 
but  the  same  approximate  area  of  the  cone  was  recorded  for  easy  comparison .  Since 
the  reference  spot  was  located  vithin  the  area  illuminated  by  the  object  beam 
in  the  latter  two  recordings,  a  small  portion  of  the  object  near  the  point  source 
had  to  be  occluded  to  prevent  the  twin  image  from  degrading  the  reconstruction. 

In  comparing  Figs.  B9b  and  c,  it  can  be  seen  that  the  maximum  intensity  areas 
have  shifted  from  points  of  nQ  motion  on  the  speaker  cone  to  points  that  had 
formally  been  areas  where  motion  had  occurred.  This  is  particularly  noticeable 
near  the  rim  of  the  cone.  (The  driving  voltage  applied  to  the  speaker  cone  was 
identical  for  both  of  these  holographic  exposures.]  The  advantage  of  this  method 
for  determining  phase  is  that  it  does  not  require  expensive  piezoelectric  mirror 
drives  or  the  control  electronics  associated  with  them.  A  disadvantage  is  that 
the  entire  image  cannot  be  viewed  at  one  time  when  relative  phase  is  being 
evaluated.  If  the  entire  image  were  reconstructed,  the  twin  image  would  overlap 
and  degrade  the  reconstruction. 


5.  ELIMINATION  OF  RESIDUAL  FRINGES  IN 
PULSED  INTERFEROORAMS 


In  many  applications  of  pulsed  holographic  interferometry,  a  relatively 
long  period  may  elapse  between  the  two  holographic  exposures  that  make  up  the 
pulsed  interferogram.  As  a  result  of  environmental  vibration,  movement  of  the 
entire  object  can  occur  between  the  exposures,  and  residual  fringes  having  no 
relationship  to  the  motion  of  interest  appear  in  the  holographic  reconstruction. 
Elimination  of  these  fringes  can  be  accomplished  using  speckle  reference  beam 
holography  by  positioning  the  focused  spot  on  the  object.  Any  movement  between 
exposures  will  now  be  automatically  compensated  for  by  the  reference  beam  in  a 
manner  similar  to  thu,t  described  previously  for  the  cw  case.  However,  care  must 
be  taken  in  this  type  of  application  to  keep  the  reference  beam  power  low  enough 
to  prevent  air  breakdown  or  the  evaporation  of  surface  material  at  the  focused 
spot,  which  will  result  in  a  loss  of  coherence  between  the  reference  beam  and 
object  illumination  beam. 
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(o)  REFERENCE  BEAM  ON  FRAME 


FIGURE  B9.  VIBRATORY  PHASE  DETERMINATION 


Reproduced  from 
best  available  CopY^ 
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